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Xeroderma pigmentosum (XP) is a rare genetic disease characterized by a greatly increased susceptibility
to sunlight-induced skin cancer. Cells from the majority of patients are defective in nucleotide excision repair.
However, cells from one set of patients, XP variants, exhibit normal repair but are abnormally slow in
replicating DNA containing UV photoproducts. The frequency of UV radiation-induced mutations in the XP
variant cells is significantly higher than that in normal human cells. Furthermore, the kinds of UV-induced
mutations differ very significantly from normal. Instead of transitions, mainly C3T, 30% of the base substi-
tutions consist of C3A transversions, all arising from photoproducts located in one strand. Mutations
involving cytosine in the other strand are almost all C3T transitions. Forty-five percent of the substitutions
involve thymine, and the majority are transversions. To test the hypothesis that the UV hypermutability and
the abnormal spectrum of mutations result from abnormal bypass of photoproducts in DNA, we compared
extracts from XP variant cells with those from HeLa cells and a fibroblast cell strain, MSU-1.2, for the ability
to replicate a UV-irradiated form I M13 phage. The M13 template contains a simian virus 40 origin of rep-
lication located directly to the left or to the right of the target gene, lacZa, so that the template for the leading
and lagging strands of DNA replication is defined. Reduction of replication to ;37% of the control value
required only 1 photoproduct per template for XP variant cell extracts, but ;2.2 photoproducts for HeLa or
MSU-1.2 cell extracts. The frequency of mutants induced was four times higher with XP variant cell extracts
than with HeLa or MSU-1.2 cell extracts. With XP variant cell extracts, the proportion of C3A transversions
reached as high as 43% with either M13 template and arose from photoproducts located in the template for
leading-strand synthesis; with HeLa or MSU-1.2 cell extracts, this value was only 5%, and these arose from
photoproducts in either strand. With the XP variant extracts, 26% of the substitutions involved thymine, and
virtually all were T3A transversions. Sequence analysis of the coding region of the catalytic subunit of DNA
polymerase delta in XP variant cell lines revealed two polymorphisms, but these do not account for the reduced
bypass fidelity. Our data indicate that the UV hypermutability of XP variant cells results from reduced bypass
fidelity and that unlike for normal cells, bypass of photoproducts involving cytosine in the template for the
leading strand differs significantly from that of photoproducts in the lagging strand.

Xeroderma pigmentosum (XP) patients are genetically pre-
disposed to sunlight-induced skin cancer, and the cells from a
majority of such patients are defective in some aspect of nu-
cleotide excision repair (NER) (28). However, the cells from
one set of XP patients, termed XP variants, have normal rates
of global and gene-specific NER of UV-induced photoprod-
ucts (7, 38, 43) but are significantly slower than normal in
synthesizing DNA from a UV-damaged template (17, 39) and
exhibit a significantly higher frequency of UV-induced muta-
tions than do normal cells (20, 25, 27). Analysis of the spec-
trum of such mutations induced in the hypoxanthine phospho-
ribosyltransferase (HPRT) gene (43) showed that in XP variant
cells there is a much higher proportion of transversions than is
seen in normal human cells (22, 43) or in all other types of cells
analyzed (see, e.g., references 10, 12, 15, and 41), including
cells from NER-deficient XP patients (9, 22). Instead of C3T
or CC3TT transitions, the predominant UV-induced base
substitution mutation involving cytosine in the HPRT gene of

XP variant cells is a C3A transversion (30%), and all of these
transversions arise from photoproducts located in one strand
(43). Substitutions involving cytosine located in the opposite
strand (25%) almost always result in C3T transitions. Substi-
tutions involving thymine (45%) are of all possible types, with
the majority being transversions (43).

Data from human cells that have been allowed various
lengths of time to excise UV photoproducts (14, 21, 22, 43) or
bulky polycyclic aromatic DNA adducts (6, 44, 46) prior to the
onset of S-phase strongly support the hypothesis that muta-
tions are introduced when the damaged DNA is replicated.
Wang et al. (43) concluded from the UV hypermutability and
aberrant UV-induced mutation spectrum of XP variant cells
that some aspect of DNA damage processing is abnormal and
that this results in reduced fidelity when photoproducts are
bypassed. It is unlikely that the abnormal spectrum results
from the presence of some minor photoproducts that XP vari-
ant cells fail to repair, because XP cells that totally lack exci-
sion repair do not show such a spectrum. However, it is at least
theoretically possible that UV irradiation of XP variant cells
results in an abnormal cellular response to the irradiation and
that this leads to the increased frequency of mutations and/or
the aberrant spectrum.

To examine these questions and also to determine if the very
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prominent C3A transversion mutations induced by UV in the
XP variant cells arise from photoproducts in the template for
the leading or the lagging strand (a question that could not be
answered by using the HPRT gene as a target), we used the in
vitro replication fidelity assay developed by Kunkel and col-
leagues (29, 34). This assay involves a double-stranded simian
virus 40 (SV40)-based M13 template replicated in vitro by cell
extracts. The advantages of this system are that the effects of
DNA repair are minimized, there is no possibility of an effect
of transcription-coupled repair of the target gene, the origin of
replication is close to the target gene so that the template for
leading- and lagging-strand synthesis can be known, and M13
templates with the origin located on either side of the target
gene are available (35). Using this system, we determined the
ability of extracts from XP variant cells to replicate templates
containing photoproducts and measured the fidelity of that
replication. The results were compared to those obtained with
extracts from HeLa cells which have been shown by Thomas et
al. (35) to yield the types of mutations seen in normal human
cells (22, 43). The studies by Thomas et al. (35) involving both
M13 templates provide a large database for comparison of
spectra. We also compared the results with those from a nor-
mal human fibroblast cell strain, MSU-1.2 (19).

Our results showed that cell extracts from XP variant cells
reproduced the characteristics seen with the intact cells and the
HPRT gene. Fewer photoproducts were required to inhibit the
replication complex from XP variant cells than from HeLa
cells or MSU-1.2 cells, and the frequency of UV-induced mu-
tations was higher. Photoproducts were in the newly replicated
form I DNA molecules, indicating that translesion synthesis
had taken place. Analysis of the spectra of UV-induced muta-
tions obtained by using templates with the replication origin on
either side of the mutational target revealed the presence of
the XP variant “signature,” i.e., a high proportion of C3A
transversions, all of which arose from photoproducts in the
template for the leading strand. These data strongly support a
role in XP variant cells for an abnormal DNA replication
complex that has reduced fidelity when bypassing photoprod-
ucts. To determine if the reduced fidelity reflected an abnor-
mal DNA polymerase delta (pol d), the nucleotide sequence of
the coding region of both subunits of pol d of an XP variant cell
line was determined. Two previously unreported polymor-
phisms in the coding sequence of the catalytic subunit were
found, and these were on one allele. However, comparison of
the data drawn from eight XP variant cell lines with data
obtained with cells from a series of normal donors and tumor-
derived cell lines showed that these two polymorphisms are
common and do not account for the abnormal replication
pattern of UV-irradiated XP variant cells.

MATERIALS AND METHODS

Cells and preparation of cytoplasmic extracts. HeLa strain CCL2 was pur-
chased from the American Type Culture Collection. The MSU-1.2 cell strain, a
karyotypically stable, nontumorigenic, infinite-life-span fibroblast cell strain was
derived from the foreskin of a normal neonate (19, 23). The XP variant cell line,
an SV40 extended-life-span derivative of cell line XP115LO, was provided by
Roger Schultz (University of Texas Medical Branch, Galveston). The cells were
grown in McM medium (30) supplemented with 10% fetal calf serum and
antibiotics. Replication-competent cell extracts were prepared by the method of
Li and Kelly (18).

Replication reactions. The replication templates used in this study have the
SV40 ori situated to the immediate left (M13mp2SV-oriL) or right (M13mp2SV-
oriR) of the lacZa target (35). To fully replicate the lacZa target, the replication
complex must proceed 594 bp from the origin for the oriL template and 403 bp
for the oriR template. In both templates, the other fork must synthesize more
than 10 times as many base pairs to fully replicate the mutational target. There-
fore, the viral plus strand of the lacZa target gene is inferred to be the template
for lagging-strand synthesis in the oriL DNA and the leading-strand template in
the oriR DNA. Templates were purified from infected Escherichia coli as de-

scribed previously (29). Aliquots (5 ml) of DNA template (40 ng DNA/ml) were
irradiated with UV at 254 nm, and irradiated DNA was used immediately.
Replication reactions, carried out as described previously (18), contained 40 ng
of template, either unirradiated or irradiated at the indicated fluence, in a total
volume of 50 ml. T antigen was omitted from the control reaction tubes. Fol-
lowing addition of cell extract (75 to 100 mg of protein), the reaction mixtures
were incubated at 37°C for 6 h. An aliquot (1/10 vol) was taken for determination
of [a-32P]dCTP incorporation into acid-insoluble material. A 32P-labeled DNA
internal standard was added to each sample. The DNA was extracted and treated
with DpnI to digest any fully methylated (i.e., unreplicated) DNA. Aliquots of the
samples were electrophoresed on 1% agarose gels containing 0.5 mg of ethidium
bromide per ml. The density of the bands corresponding to replicative form (RF)
I DNA was quantified by using ImageQuant software on a PhosphorImager. The
amount of RF I synthesis as a percentage of synthesis of DNA from unirradiated
template was corrected for loss of the DNA during the purification procedure by
normalizing the density of the RF I band to that of the internal control.

Determination of endonuclease-sensitive sites. To determine the number of
cyclobutane pyrimidine dimers (CPD) in the original template, 20 ng was ex-
posed to T4 endonuclease V for 2 h at 37°C and 20 ng was mock exposed. After
electrophoresis on a 1% alkaline agarose gel, the DNA was transferred to a nylon
membrane by standard techniques and probed with M13mp2SV that had been
randomly labeled with [32P]dATP. The amount of label in the RF I DNA was
determined with a PhosphorImager. The average number of CPD in the irradi-
ated DNA population was estimated by comparing the intensity of the bands of
T4 endonuclease V-treated DNA remaining undigested to that of the DNA not
treated with the enzyme and assuming a Poisson distribution of CPD (2). No loss
of CPD was noted when the UV-irradiated DNA was incubated for 8 h with all
the replication reaction components except T antigen.

Determination of mutant frequencies. The frequency of replication products
containing a mutation was determined essentially as described previously (29).
Briefly, an aliquot of the product was electroporated into an E. coli strain,
NR9162, that is deficient in mismatch repair to avoid correction of heteroduplex
newly replicated DNA. Immediately after electroporation, these bacteria were
coplated with an indicator E. coli strain, CSH 50, that lacks the lacZa gene
product. The assay depends upon a-complementation of b-galactosidase activity
by the M13 phage and scores errors in the lacZa gene (i.e., the target gene) in
the M13mp2SV vector. Transfection of a wild-type lacZa gene results in dark
blue plaques, whereas phage containing selectable errors in the gene are scored
as lighter blue or colorless plaques. To confirm the mutant status of putative
mutant phage, these were restreaked onto indicator plates along with wild-type
phage and their color was compared. Confirmed mutant phage were propagated
in E. coli, single-stranded phage were purified, and the lacZa gene was se-
quenced by standard methods (16).

Analysis of the subunits of DNA pol d for mutations. RNA was isolated from
various human cell lines, and 3 mg was used for reverse transcription reactions.
A 1-ml sample of cDNA was amplified by PCR with primers specific for the gene
coding for the catalytic subunit (45) or the small subunit (47) of the pol d. The
DNA was gel purified, and the sequence of interest was determined by standard
dideoxy sequencing methods.

RESULTS

Effect of UV photoproducts on the ability of extracts from
HeLa, MSU-1.2, or XP variant cells to replicate DNA tem-
plates. The yield of products after replication by the XP variant
cell extracts was consistently lower than after replication by
HeLa or MSU-1.2 cell extracts, but the types of replication
products were identical. Restriction enzyme digestion of the
replicated DNA with methylation-sensitive isoschizomers indi-
cated that the majority of the products were the result of a
single round of replication (data not shown).

To determine the number of photoproducts in the template
required to reduce the synthesis of RF I molecules to 37% of
the unirradiated controls, DNA was irradiated with UV radi-
ation at 50 to 150 J/m2, the number of CPD per RF I template
was determined, and the templates were used in the replication
reactions. Replication by XP variant cell extracts was more
severely inhibited by the presence of photoproducts in the
template than was replication by HeLa or MSU-1.2 cell ex-
tracts (Table 1). For XP variant cell extracts, the number of
CPD per template needed to reduce synthesis to 37% of the
control value was 1.0, compared to ;2.2 for the HeLa or
MSU-1.2 cell extracts.

Evidence for bypass of CPD. The strong inhibition of XP
variant-mediated replication by the presence of a single CPD
in the template suggested that CPD present an absolute block
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to replication by that extract. To determine if bypass had oc-
curred, i.e., if the newly replicated RF I DNA contained CPD,
an aliquot of the replication products was treated with T4
endonuclease V, which specifically cuts at CPD. If CPD are
present in the newly replicated DNA, the covalently closed
circular (RF I) DNA will be converted to nicked (RF II) DNA.
The result of electrophoretic analysis of the XP variant extract-
mediated replication products is presented in Fig. 1, and the
result of image analysis of the replication products of XP
variant and HeLa cell extracts is shown in Table 2. Direct
comparison of the products of replication of UV-damaged
templates shows that the RF I band decreased in intensity after
treatment with T4 endonuclease V. There was an increase in
intensity of the RF II bands that could be detected by image
analysis of the gel. As expected, the replication products of the
undamaged templates were not incised by the enzyme. Anal-
ysis of the HeLa extract-mediated replication products gave
similar results. Comparison showed that, as expected, the num-
ber of endonuclease-sensitive sites in the replicated products
was smaller than that in the templates (Table 2). Nevertheless,
the results show that the products of replication by both HeLa
and XP variant cell extracts still contained CPD, indicating
that bypass had occurred.

Evidence of hypermutability during replication of UV-dam-
aged templates by XP variant extracts. The purified, DpnI-
treated products of replication by cell extracts were electro-
porated into a mismatch repair-deficient E. coli strain and
coplated with an indicator strain to identify mutants that could
not a-complement b-galactosidase activity. The limit of detec-
tion of the assay is defined by the mutant frequency obtained
by electroporation of unreplicated DNA (template DNA),
which was 1.0 3 1024 (data not shown). Replication of irradi-
ated templates by HeLa, MSU-1.2, or XP variant cell extracts
increased the mutant frequency severalfold (Table 1). In the
case of replication of the oriL template by HeLa or MSU-1.2

cell extracts, one CPD per template gave a mutant frequency
of ;4 3 1024 and two gave a mutant frequency of 5.9 3 1024

to 7.4 3 1024. Similar results were obtained with the oriR
template. In contrast, the mutant frequencies following repli-
cation of oriL template by XP variant extracts were much high-
er. One CPD per template gave a mutant frequency of 14.2 3
1024, which is 3.7-fold higher than that for HeLa or MSU-1.2
cell extracts. Increasing the number of photoproducts in the
template inhibited XP variant cell extract-mediated replication
so severely that the amount of product obtained was insuffi-
cient to generate a meaningful number of plaques. A similar
elevated frequency was obtained with the XP variant extract
with an oriR template.

Sequence analysis of UV-induced mutations. In both the
oriL and oriR templates, the SV40 origin of replication is
situated close to the target gene, so that one replication fork
has to traverse only 594 bp (oriL) to replicate it whereas the
other fork must traverse more than 10 times as many. Since the

FIG. 1. Evidence of bypass of CPD in RF I DNA that had been replicated by
XP variant cell extract, as inferred from the presence of CPD in the newly
replicated DNA. (a) DNA was irradiated with UV radiation at 0, 50, or 100 J/m2,
which resulted in 0, 1.3, or 2.0 CPD/RF I, respectively. These templates were
used immediately in DNA replication reactions. The densities of the RF I bands
(arrow) were quantified with a PhosphorImager. T4 endonuclease V did not
reduce the intensity of RF I bands derived from unirradiated DNA, indicating no
detectable nonspecific nuclease activity. The enzyme did reduce the intensity of
RF I bands derived from UV-irradiated DNA, indicating that CPD were present
in the newly replicated DNA, i.e., that bypass of photoproducts had occurred.
ImageQuant analysis of the number of endonuclease-sensitive sites is shown in
Table 2. (b) Enhancement of the RF I bands.

TABLE 1. Frequency of lacZa mutants after in vitro replication of
unirradiated or UV-irradiated templates by HeLa,

MSU-1.2, or XP variant cell extracts

Extract Tem-
plate

Fluence
(J/m2)

Amt of dNTP
incorporated

(pmol)a

RF I
(% of

control)

No. of plaques
scored

Mutant
frequency

(104)Mutant Total

HeLa oriL 0 112 6 18 100 6 62,910 1.1
50 62 6 9 55 6 15 50 132,790 3.8

100 45 6 8 40 6 18 23 38,650 5.9
150 22 6 2 20 6 7

oriR 0 86 6 17 100 7 64,320 1.1
50 53 6 4 62 6 8 28 80,370 3.5

100 34 6 5 40 6 6 32 43,090 7.4
150 15 6 1 18 6 6 23 25,460 9.2

MSU-1.2 oriL 0 106 6 8 100 3 17,600 1.8
50 66 6 7 62 6 8 7 15,890 4.4

100 34 6 6 32 6 6 24 32,500 7.4

XP variant oriL 0 42 6 14 100 5 48,670 1.0
50 13 6 2 32 6 12 78 58,650 14.2

100 7 6 1 17 6 6
150 ,5

oriR 0 46 6 10 100 3 36,480 0.8
50 12 6 4 26 6 8 28 21,240 13.2

a dNTP, deoxynucleoside triphosphate. Mean 6 standard deviation, three to
nine determinations.

TABLE 2. Interference of photoproducts with DNA
replication and evidence of bypass

Cell extract Fluence
(J/m2)

Amt of dNTP
incorporated

(pmol)a

RF I
(% of

control)

No. of endonuclease-
sensitive sites in:

Template
RF I

Replicated
RF I

HeLa 0 52 100 0 0
50 29 55 1.3 0.5

100 15 30 2.0 0.9
150 10 20 4.3 1.4

XP variant 0 36 100 0 0
50 6 17 1.3 0.4

100 3 11 2.0 1.3
150 ,5

a dNTP, deoxynucleoside triphosphate.
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two DNA replication forks proceed at the same rate from the
center of the origin (18), the templates for leading- and lag-
ging-strand synthesis can be identified. In the oriL replication
substrate, the plus strand (viral strand) of the lacZa target
gene can be inferred to be the template for lagging-strand
synthesis while the minus strand of the target gene is the
template for leading-strand synthesis. Sequence analysis of the
mutated target genes obtained from replication of the oriL
template by XP variant cell extracts (Table 3) showed that the
predominant substitutions were C3A transversions (9 of 21
[43%]), and all of these arose from photoproducts on the
template for the leading strand. Six of these nine C3A trans-
versions occurred at positions that previously had been found
to be mutational hot spots (positions 90 and 145 to 148) but
using HeLa cell extracts (35), but in the latter studies, replica-
tion resulted in C3T transitions. In addition, replication of
oriL template by XP variant cell extracts produced a high
proportion of mutations involving thymine (T 5 6 of 21
[29%]). In processing these thymine-containing photoproducts
during bypass, there was no evidence of any strand bias. In
contrast, the XP variant replication complex processed cy-
tosine-containing photoproducts in each strand differently; i.e.,
when misreplicating cytosine in the template for the leading
strand, it most frequently incorporated TMP, but when mis-
replicating such cytosines in the template for the lagging
strand, it incorporated dAMP. As can be seen in Table 3, these

errors could not have resulted from using the next base as a
template. Sequence analysis of the lacZa mutants derived from
replication of oriL template by extracts from HeLa cells (Table
4) showed that the kinds of base substitutions differed signifi-
cantly (P , 0.00003 by hypergeometric analysis [1]). The ma-
jority of the base substitutions were C3T transitions (16 of 21
[76%]), and 12 of these were clustered in three positions: 257,
88 to 90, and 108. C3A transversions were rare (4.8%), as
were substitutions involving thymine. There was no statistical

TABLE 3. Kinds and locations of unequivocally independent point
mutations induced in the lacZa gene during replication of
UV-irradiated M13mp2-oriL by XP variant cell extractsa

Mutant Position(s)b Mutation Photoproduct
context (59339)d Strandc

XU65 84 C z G3A z T CAGTCACGA Leading
XU49 90 C z G3A z T TTTTCCCAG Leading
XU101 90 C z G3A z T TTTTCCCAG Leading
XU41 90 C z G3A z T TTTTCCCAG Leading
XU81 145 C z G3A z T CCAGCTGGC Leading
XU84 145 C z G3A z T CCAGCTGGC Leading
XU97 148 C z G3A z T ACGCCAGCT Leading
XU47 159 C z G3A z T TCTTCGCTA Leading
XU59 162 C z G3A z T GCCTCTTCG Leading

XU105 88 C z G3T z A TTCCCAGTC Leading
XU107 107–108 C z G3T z A,

C z G3T z A
TTACCCAAC Lagging

XU102 108 C z G3T z A TACCCAACT Lagging
XU91 108 C z G3T z A TACCCAACT Lagging
XU66 108 C z G3T z A TACCCAACT Lagging

XU7 32 T z A3A z T CTGTTTCCT Leading
XU73 54 T z A3A z T GAATTCGTA Leading
XU106 56 T z A3A z T CGAATTCAC Lagging
XU67 67 T z A3A z T GCCGTCGTT Lagging
XU74 73 T z A3A z T GTTTTACAA Lagging

XU29 54 T z A3C z G GAATTCGTA Leading

XU55 74–75 DAC TTTTACAAC Lagging
XU69 132–136 DC CATCCCCCT Lagging

a The target genes from 45 mutants were sequenced by standard methods. Of
these, 10 had no mutation in the target gene and 2 had large deletions. Twelve
mutants had mutations that were also found in unreplicated templates, i.e., that
represented background mutations. These 12 were omitted from the analysis and
from calculations of UV-induced mutant frequency.

b The lacZa gene comprises positions 284 to 1174, with 140 being the first
transcribed nucleotide.

c “Strand” refers to the newly synthesized DNA that contains a mutation as a
result of error-prone bypass of photoproducts that were located in the corre-
sponding template strand.

d The site of the mutation is underlined.

TABLE 4. Kinds and locations of unequivocally independent point
mutations induced in the lacZa gene during replication of

UV-irradiated M13mp2-oriL by extracts from
HeLa cellsa or MSU-1.2 cellsb

Mutant Position(s) Mutation Photoproduct
context (59339)d Strandc

HeLa
HU63 257 C z G3T z A AGCTCACTC Lagging
HU64 257 C z G3T z A AGCTCACTC Lagging
HU49 257 C z G3T z A AGCTCACTC Lagging
HU59 257 C z G3T z A AGCTCACTC Lagging
HU36 29 C z G3T z A TTTCCTGTG Leading
HU34 88 C z G3T z A TTTCCCAGT Leading
HU39 88 C z G3T z A TTTCCCAGT Leading
HU70 89 C z G3T z A TTTCCCAGT Leading
HU67 90 C z G3T z A TTTCCCAGT Leading
HU51 90 C z G3T z A TTTCCCAGT Leading
HU43 96 C z G3T z A AAACCCTGG Lagging
HU69 108 C z G3T z A TACCCAACT Lagging
HU33 108 C z G3T z A TACCCAACT Lagging
HU42 108 C z G3T z A TACCCAACT Lagging
HU53 145 C z G3T z A CCAGCTGGC Leading
HU60 149 C z G3T z A TACGCCAGC Leading

HU47 30 C z G3G z C GTTTCCTGT Leading
HU37 89 C z G3G z C TTTCCCAGT Leading

HU57 159 C z G3A z T TCTTCGCTA Leading

HU68 42 T z A3C z G ATGGTCATA Leading
HU55 91 T z A3C z G GTTTTCCCA Leading

HU40 106–108 DC TTACCCAAC Lagging

MSU-1.2
NU7 257 C z G3T z A AGCTCACTC Lagging
NU34 75 C z G3T z A TTTACACG Lagging
NU1 89 G z G3T z A TTTCCCAGT Leading
NU3 89 C z G3T z A TTTCCCAGT Leading
NU18 89 C z G3T z A TTTCCCAGT Leading
NU11 90 C z G3T z A TTTCCCAGT Leading
NU35 108 C z G3T z A TACCCAACT Lagging
NU21 108 C z G3T z A TACCCAACT Lagging
NU2 145 C z G3T z A CCAGCTGGC Leading

NU22 257 C z G3A z T AGCTCACTC Lagging

NU31 85 T z A3C z G CCAGTCAC Leading
NU17 131 T z A3C z G CGACATCCC Lagging

NU34 62–63 DC CGGCCAGTC Leading

a The target genes from 44 mutants derived with HeLa cell extracts were
sequenced by standard methods. Of these, eight had no mutation in the target
gene and two had large deletions. Twelve background mutations were omitted
from the analysis.

b The target genes from 23 mutants derived with MSU-1.2 cell extracts were
sequenced. Of these, six had no mutation in the target gene, three had back-
ground mutations, which were omitted from the analysis, and one had an 11-bp
insertion between positions 57 and 58.

c Strand, as in Table 3.
d The site of the mutation is underlined.
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difference between cell extracts from MSU-1.2 cells and HeLa
cells in the kinds of mutations induced or in their location in
the gene (Table 4).

To determine whether the high proportion of C3A trans-
versions targeted by photoproducts in the leading strand tem-
plate found with XP variant extracts would also be found when
the leading and lagging strands were reversed, we analyzed the
mutations obtained with M13 mp2SV-oriR, in which the origin
of replication is on the opposite side of the lacZa target gene.
With this template, complete replication of the target gene
requires the replication fork to traverse only 403 bp. Mutants
derived from replication of irradiated templates by XP variant
cell extracts (Table 5) showed that 4 (31%) of 13 base substi-
tutions were C3A transversions and that all of these muta-
tions arose from photoproducts located in the template for the
leading strand. In contrast, analysis of mutants derived from
replication of UV-irradiated oriR templates by HeLa cell ex-
tracts (Table 6) showed, as predicted from the large study by
Thomas et al. (35), that 19 (90%) of the 21 base substitutions
were C3T transitions and that these arose from photoprod-
ucts in either strand.

Nucleotide Sequence Analysis of pol d. To determine if a
mutation in pol d was associated with the highly aberrant UV-
induced mutation spectrum observed previously in the en-
dogenous HPRT gene of XP variant fibroblasts (43) and now
produced with extracts from such cells, we sequenced the
;3,000-bp coding region of the gene for the catalytic subunit
of pol d from XP variant cell lines XP115LO and XP4BE and
found that the XP4BE cells were heterozygous at positions 375
and 409, i.e., had a GC3AT transition at codon 108 (silent)
and codon 119 (Arg changed to His) (Table 7). These codons
are adjacent to the sequence that codes for the proliferating-
cell nuclear antigen binding site (45). Subcloning of the cDNA
of the pol d catalytic subunit gene from XP4BE cells, followed
by sequence analysis, revealed that both mutations were car-
ried on the same chromosome. Analysis of six additional XP
variant cell lines from patients from various continents re-
vealed that 50% contained the same set of mutated alleles
(Table 7). However, analysis of this region of the coding se-

quence of the pol d gene from 45 additional cell lines available
in this laboratory, including HeLa cells, showed that the pres-
ence of this set of mutant alleles is very common (24%) (Table
7). The mutations cannot account for the lower fidelity of the
replication complex that we observed with the cell extracts
from XP variant cell line XP115LO, because this cell line does
not carry these mutant alleles and because HeLa cells, which
served as one of the normal control cell lines, are homozygous

TABLE 5. Kinds and locations of unequivocally independent point
mutations induced in the lacZa gene during replication of
UV-irradiated M13mp2-oriR by XP variant cell extractsa

Mutant Position(s) Mutation Photoproduct
context (59339)c Strandb

XR1 96 C z G3A z T AAACCCTGG Leading
XR4 96 C z G3A z T AAACCCTGG Leading
XR3 108 C z G3A z T TACCCAACT Leading
XR5 120 C z G3A z T TCGCCTTGC Leading

XR9 257 C z G3T z A AGCTCACTC Lagging
XR11 257 C z G3T z A ACGTCACTC Lagging
XR6 88 C z G3T z A TTTCCCAGT Lagging
XR8 88 C z G3T z A TTTCCCAGT Lagging
XR15 89 C z G3T z A TTTCCCAGT Lagging
XR7 90 C z G3T z A TTTCCCAGT Lagging

XR12 54 T z A3A z T GAATTCGTA Lagging
XR13 56 T z A3A z T CGAATTCAC Leading
XR10 70 T z A3A z T GTCGTTTTA Leading

XU14 132–136 DC CATCCCCCT Leading

a The target genes from 28 mutants derived with XP variant cell extracts were
sequenced. Of these, six had no mutation in the target gene. Two had back-
ground mutations and were omitted from the analysis.

b Strand, as in Table 3.
c The site of the mutation is underlined.

TABLE 6. Kinds and locations of unequivocally independent point
mutations induced in the lacZa gene during replication of

UV-irradiated M13mp2-oriR by HeLa cell extractsa

Mutant Position(s) Mutation Photoproduct
context (59339)c Strandb

HR14 257 C z G3T z A AGCTCACTC Leading
HR25 58 C z G3T z A AATTCACTG Leading
HR15 58 C z G3T z A AATTCACTG Leading
HR5 75 C z G3T z A TTTACAACG Leading
HR9 88 C z G3T z A TTTCCCAGT Lagging
HR11 88 C z G3T z A TTTCCCAGT Lagging
HR19 89 C z G3T z A TTTCCCAGT Lagging
HR6 89 C z G3T z A TTTCCCAGT Lagging
HR20 90 C z G3T z A TTTCCCAGT Lagging
HR7 90 C z G3T z A TTTCCCAGT Lagging
HR10 90 C z G3T z A TTTCCCAGT Lagging
HR13 90 C z G3T z A TTTCCCAGT Lagging
HR8 96 C z G3T z A AAACCCTGG Leading
HR12 96 C z G3T z A AAACCCTGG Leading
HR24 107–108 C z G3T z A,

C z G3T z A
TTACCCAAC Leading

HR16 108 C z G3T z A TACCCAACT Leading
HR26 120 C z G3T z A TCGCCTTGC Leading
HR23 129 C z G3T z A AGCACATCC Leading

HR27 84 C z G3A z T CCAGTCACG Lagging

HR22 115 T z A3A z T GCGATTAAG Lagging

HR17 132–136 DC CATCCCCCT Leading

a The target genes from 37 mutants derived with HeLa cell extracts were
sequenced. Of these, 10 had no mutation in the target gene and one had a large
deletion. Three had background mutations and were omitted from the analysis.

b Strand, as in Table 3.
c The site of the mutation is underlined.

TABLE 7. Distribution of the allele carrying the two
polymorphisms observed in XP4BE cells in the coding

region of the gene for the catalytic subunit of pol d

Geno-
typea

XP variant
skin fibro-

blasts

Tumor-derived
cell line(s) Normal cells

1/2 XP4BE 2 osteosarcomas 4 foreskin-derived fibroblast
lines

XP1KA 3 neurofibrosarcomas Lymphoblastoid immortal line
XP3RO

2/2 HFXP Adenocarcinoma
(HeLa)

1/1 XP115LO 6 neurofibrosarcomas 16 foreskin-derived fibroblast
lines

XP5KA 4 fibrosarcomas 3 skin biopsy fibroblast cell lines
XP6KA 2 adenocarcinomas Lymphoblastoid immortal line
XP7TAC Nephroblastoma,

Wilms’ tumor

a 1/1, two wild-type alleles; 1/2, one allele with G z C3A z T transitions at
positions 375 and 409; 2/2, polymorphisms on both alleles. Homozygosity can-
not be distinguished from hemizygosity.
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(or hemizygous) for the set of mutant alleles. Northern blot
analysis of the level of expression of pol d RNA in these various
XP variant cells showed that it was in the normal range (data
not shown). DNA sequencing analysis of the ;1,500-bp coding
region of the gene for the smaller subunit of pol d of XP115LO
and XP4BE showed both were wild type (data not shown).

DISCUSSION

Our results showed that the in vitro replication of UV-ir-
radiated DNA by cell extracts of XP variant cells has the same
unique characteristics previously observed when UV-irradiat-
ed XP variant cells and normal cells were compared. Replica-
tion by XP variant cell extracts was abnormally inhibited by the
presence of photoproducts in the template and yielded a high-
er frequency of mutants than is found with extracts from non-
XP variant cells. What is more, it resulted in a highly aberrant
UV-induced mutation spectrum that is characterized by a sig-
nificantly higher proportion of C3A transversions than are
found with non-XP variant cell extracts, all of which arise from
photoproducts located in the template for synthesis of the lead-
ing strand.

We conclude from the data in Table 2 that the XP variant
replication complex stops at virtually every CPD that is en-
countered in the template whereas the HeLa cell and MSU 1.2
cell complex stalls at every second or third CPD. These results
with cell extracts are consistent with those of earlier studies
showing that semiconservative DNA replication of a UV-irra-
diated template by intact XP variant cells is defective com-
pared to that by intact normal cells (3, 17, 26) or even by NER-
deficient XP cells (39). Cordeiro-Stone et al. (8) and Svoboda
et al. (32) showed that compared to normal cell extracts, XP
variant cell extracts have a greatly reduced ability to bypass a
cis-syn thymine-thymine CPD specifically placed in the leading-
strand template. The fact that the extracts from the cells used
in the present study reflect the same characteristics indicates
that such extracts can validly be used to analyze other charac-
teristics of DNA replication in XP variant cells.

A Poisson distribution of blocking lesions predicts that for a
population average of one lesion per template, 37% of the
population will not contain any blocking lesion. Since replica-
tion of RF I M13 phage by XP variant cell extracts was reduced
to 37% by an average of one CPD per RF I (calculation
derived from data in Table 2), the majority of the covalently
closed circular (RF I) molecules synthesized by XP variant cell
extracts must have resulted from replication of undamaged
templates. Nevertheless, T4 endonuclease-sensitive sites were
present in the RF I products produced by both XP variant (Fig.
1 and Table 2) and HeLa (Table 2) cell extracts. The simplest
explanation for these results is that the replication fork carried
out translesion synthesis when it encountered the photoprod-
uct.

The results of sequence analysis of UV-induced mutants
derived from replication by HeLa cell extracts, showing that
transitions accounted for almost 90% (48 of 54) of the base
substitutions and that over 90% (44 of 48) of these arose from
cytosine-containing photoproducts (Tables 4 and 6), are con-
sistent with the interpretation of other investigators (4, 5, 35)
that most UV-induced mutations result when the replication
complex incorporates dAMP across from photoproducts con-
taining cytosine during bypass. Incorporation of dAMP oppo-
site dimerized pyrimidines could explain why so few UV-
induced base substitutions involve thymine. The fact that in
studies with either M13 phage template, the photoproducts
that gave rise to the observed mutations were distributed al-
most equally on either strand (Tables 4 and 6) indicates that

there is essentially no strand bias for mutations produced dur-
ing replication. This agrees with the conclusions reached by
Thomas et al. (35) in their large study of UV-B-induced mu-
tations in this same system. They reported that the overall
probability of UV-dependent C3T transitions was the same
during leading- and lagging-strand synthesis, although the fi-
delity of such synthesis varied by position.

In contrast, our data in Tables 3 and 5 indicate that trans-
lesion synthesis by XP variant cell extracts on M13 templates
containing the same number of photoproducts as those used
with the HeLa cell extracts resulted in three- to fourfold-higher
mutant frequencies, and the spectrum of mutants differed very
significantly from that of HeLa cell extracts. A high proportion
of mutations arose from thymine-containing photoproducts (9
of 34 [26%]), and a very high proportion were C3A trans-
versions (13 of 34 [38%]). The latter arose exclusively from
photoproducts in the template for leading-strand synthesis.
Our results strongly suggest that XP variant cells process dam-
age in the two DNA strands very differently. TMP is incorpo-
rated across from cytosine-containing photoproducts in the
leading-strand template, but dAMP is incorporated when the
same damage in the same sequence is located in the template
for the lagging strand.

A difference between leading and lagging strands for pro-
duction of mutations during replication by human cell extracts
of damaged DNA templates may reflect strand-specific differ-
ences in bypass efficiency. Psoralen monoadducts (37) and
acetylaminofluorene adducts (36) are bypassed with lower fi-
delity when the adducts are in the lagging-strand template than
when they are in the leading-strand template. Furthermore,
acetylaminofluorene adducts are much stronger blocks to rep-
lication when they are situated in the leading-strand template
(40). Hoffmann et al. (13) also showed that damage in a sub-
strate that mimics the leading-strand template is bypassed by
HeLa cell extracts to a greater extent than is the same kind of
damage in a substrate that mimics the lagging-strand template.
Using a site-specifically placed photoproduct, Svoboda and
Vos (31) found that the efficiency of synthesis past the photo-
product located in the leading-strand template was 22%, com-
pared with only 13% when it was located in the lagging-strand
template. In the latter situation, there was selective reinitiation
of synthesis downstream from the photoproduct that was not
observed when the lesion was in the leading-strand template.

The mutagenesis results of the present study agree with the
mutation spectrum induced by UV in the endogenous HPRT
gene of intact XP variant cells (43). In such cells, the C3A
transversions were distributed throughout the coding region of
the gene in exons 2 through 9, and they all arose from photo-
products located in the transcribed strand (43). This is the
result predicted by the present study if, as has been suggested
(33), the origin of replication of the HPRT gene is located in
intron 1, so that the transcribed strand is the template for
leading-strand synthesis.

Because pol d is the major replicative polymerase in mam-
malian cells and synthesizes all of the leading strand and most
of the lagging strand of SV40-based templates (42), we deter-
mined the sequence of the DNA coding for pol d in XP variant
cells to see if the reduced bypass fidelity of the XP variant rep-
lication complex reflected a mutation in this gene. Although
two base substitutions adjacent to the proliferating-cell nuclear
antigen-binding site, both carried on the same chromosome,
were found in XP variant cells from several patients, further
studies showed that this set of mutations is found in a variety
of normal and tumor-derived cell lines, including HeLa cells.
We conclude, therefore, that the base substitutions are poly-
morphisms that do not affect the function of the gene product
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and that the common presence of the two together represents
linkage disequilibrium.

XP variant cells are defective in bypass of CPD in the lead-
ing-strand template (8, 32). The strand specificity of UV-in-
duced mutations observed in these cells and in extracts derived
from them is presumably related to this defect. The hypermut-
ability of XP variant cells may result from a defect in some
aspect of damage tolerance; that is, the cells may have a re-
duced ability to utilize error-free pathways and at the same
time may have an abnormally error-prone translesion syn-
thesis pathway. Very recently, Gibbs et al. (11) showed that
the product of the human homolog of the yeast REV3 gene
(REV3L) is required for the induction of mutations following
UV irradiation of cells, analogous to mutagenic translesion
synthesis in yeast (24). It is possible that an accessory factor is
required for REV3L-associated translesion synthesis when the
replicative polymerase is stalled at a leading-strand photoprod-
uct. Such a factor may not be required for translesion synthesis
when the photoproduct is in the lagging-strand template. If so,
an abnormality of one or more such accessory factors in XP
variant cells could explain the reduced fidelity of the complex,
with the abnormality leading to exaggerated strand bias for
induced mutations and greatly increased frequency of UV-
induced mutations. Cell extract replication assays can be used
to compare the activity and/or fidelity of such factors. Analysis
of the function of the factor(s) defective in XP variant cells
should provide insight into mechanisms by which the human
cells complete translesion synthesis past UV-induced damage
in DNA.
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