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a b s t r a c t

Xeroderma pigmentosum variant (XPV) patients carry germ-line mutations in DNA poly-

merase � (pol�), a major translesion DNA synthesis (TLS) polymerase, and exhibit severe

sunlight sensitivity and high predisposition to skin cancer. Using a quantitative TLS

assay system based on gapped plasmids we analyzed TLS across a site-specific TT CPD

(thymine–thymine cyclobutane pyrimidine dimer) or TT 6-4 PP (thymine–thymine 6-4 pho-

toproduct) in three pairs of pol�-proficient and deficient human cells. TLS across the TT

CPD lesion was reduced by 2.6–4.4-fold in cells lacking pol�, and exhibited a strong 6–17-fold

increase in mutation frequency at the TT CPD. All targeted mutations (74%) in pol�-deficient

cells were opposite the 3′T of the CPD, however, a significant fraction (23%) were semi-

targeted to the nearest nucleotides flanking the CPD. Deletions and insertions were observed

at a low frequency, which increased in the absence of pol�, consistent with the formation

of double strand breaks due to defective TLS. TLS across TT 6-4 PP was about twofold lower

than across CPD, and was marginally reduced in pol�-deficient cells. TLS across TT 6-4 PP

was highly mutagenic (27–63%), with multiple mutations types, and no significant differ-
ence between cells with or without pol�. Approximately 50% of the mutations formed were

semi-targeted, of which 84–93% were due to the insertion of an A opposite the template G 5′

to the 6-4 PP. These results, which are consistent with the UV hyper-mutability of XPV cells,

highlight the critical role of pol� in error-free TLS across CPD in human cells, and suggest a

potential involvement, although minor, of pol� in TLS across 6-4 PP under some conditions.

cause the severe hereditary disease xeroderma pigmentosum
1. Introduction
UV light is an established mutagen and carcinogen in humans,
and deficiencies in the ability to repair or tolerate UV lesions

∗ Corresponding author. Tel.: +972 8 934 3203; fax: +972 8 934 4169.
E-mail address: zvi.livneh@weizmann.ac.il (Z. Livneh).

1 These authors have equally contributed to this work.
2 Incumbent of The Maxwell Ellis Professorial Chair in Biomedical Re

1568-7864/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2008.06.008
© 2008 Elsevier B.V. All rights reserved.
search.

(XP), characterized by extreme sunlight sensitivity and high
predisposition to skin cancer [1]. The two major biologically
significant UV lesions are the cyclobutane pyrimidine dimers
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CPD), and the 6-4 photoproducts (6-4 PP). While 6-4 PP are pri-
arily repaired by error-free nucleotide excision repair (NER),

PD are weak substrates for NER, and therefore frequently
scape error-free repair [2–4]. During replication CPD are tol-
rated by translesion DNA synthesis (TLS), which is carried
ut by DNA polymerase � (pol�) with relatively high fidelity.
his conclusion is based on the biochemical properties of
urified pol� [5,6], and on the UV hyper-mutability of cells
rom patients with the variant form of XP (XPV) [7]. In these
atients the lack of pol� activity causes clinical symptoms
imilar to the NER-deficient forms of XP, including high pre-
isposition to skin cancer [1,8]. The slight UV sensitivity and
he UV hyper-mutability of cells from XPV patients are gen-
rally explained by the activity of an alternative TLS DNA
olymerase, most likely pol�, which bypasses the CPD with

ower efficiency and higher error frequency compared to pol�
9–13], leading to increased sensitivity and hyper-mutability,
espectively. Although cells from XPV patients were exten-
ively investigated, to date the direct effects of the lack of
ol� on TLS across defined CPD and 6-4 PP in cells was not
etermined. Here we present a quantitative analysis of TLS
cross site-specific TT CPD and TT 6-4 PP lesions using a
LS assay system based on transfection of cultured cells with
apped plasmids. This was done in three different pairs of
ol�-proficient and pol�-deficient human cells, and included
NA sequence analysis of over a 1000 unselected TLS events.
ur results show, for the first time, that TLS across a TT CPD in
PV pol�-deficient cells is less efficient and more mutagenic

han in pol�-proficient cells, and it exhibits a typical muta-
ional signature. In contrast, TLS across a TT 6-4 PP is hardly
ffected by the absence of pol�.

. Materials and methods

.1. Materials

ulbecco’s phosphate buffered saline (PBS) without calcium
hloride and magnesium chloride, and minimum essential
edium (MEM) Eagle were from Sigma. Roswell Park Memo-

ial Institute medium (RPMI 1640) with 2 mM l-glutamine
as from GIBCO/BRL. Trypsin–EDTA, 100 mM glutamine, and
mixture of penicillin and streptomycin for cell culture were

rom Biological Industries (Beit Haemek, Israel). Fetal bovine
erum (FBS) was from HyClone. JetPEI was from Polyplus-
ransfection (Illkirch, France).

.2. Cell cultures

M00495 (normal) and GM03055 (XPV) human fibroblasts were
urchased from Corriell cell repository. The SV40-transformed
uman fibroblasts, MRC5 (normal) and XP30RO (sv) (XPV;
lso designated GM3617 were gifts from A.R. Lehmann (Uni-
ersity of Sussex, Brighton, UK). The human fibroblast cells
ere cultured in MEM supplemented with 2 mM l-glutamine,

00 units/ml of penicillin, 100 �g/ml of streptomycin, and 15%

BS. The pol�-null derivative of the type I Burkitt’s lymphoma
L2 cell lines was obtained by gene-targeted inactivation as
escribed [14]. The lymphoma cells were cultured in RMPI 1640
upplemented with 2 mM l-glutamine, 100 units/ml of peni-
) 1636–1646 1637

cillin, 100 �g/ml of streptomycin, and 10% FBS. The cells were
incubated at 37 ◦C in a 5% CO2 atmosphere.

2.3. Construction of DNA substrates and plasmids

DNA oligonucleotides without a lesion were supplied
by Sigma-Genosys. The construction of the control
gapped plasmid GP20 was previously described [15].
A gap-lesion plasmid with a site-specific TT CPD was
prepared using the site-specifically modified 11-mer
oligonucleotide 5′-GCAAGTTGGAG-3′ containing a single
site-specific TT CPD (underlined) that was generated as
previously described [16]. It was extended to a 53-mer
oligonucleotide by ligating to its 5′ end the 21-mer 5′-
ACCGCAACGAAGTGATTCCTC-3′, and to its 3′ end the 21-mer
5′-CTGGCTACTTGAACCAGACCG-3′, using as a scaffold the
33-mer 5′-AAGTAGCCAGCTCCAACTTGCGAGGAATCACTT-3′.
The resulting 53-mer was separated from the scaffold and
excess 21-mer on a 12% denaturing polyacrylamide gel
containing 8 M urea, and used to construct the gap-lesion
plasmid GP-TT-CPD. A gap-lesion plasmid with a site-specific
TT 6-4 PP was prepared using the site-specifically modified
11-mer oligonucleotide 5′-GCAAGTTGGAG-3′ containing a
single site-specific TT 6-4 PP (underlined) that was gen-
erated as previously described [17]. It was extended to a
53-mer oligonucleotide by ligating to its 5′ end the 21-mer 5′-
ACCGCAACGAAGTGATTCCTC-3′, and to its 3′ end the 21-mer
5′-GAGGCTACTTGAACCAGACCG-3′, using as a scaffold the
33-mer 5′-AAGTAGCCTCCTCCAACTTGCGAGGAATCAC-3′. The
resulting 53-mer was separated from the scaffold and excess
21-mer on a 12% denaturing polyacrylamide gel containing
8 M urea, and used to construct the gap-lesion plasmid
GP-TT-6-4 PP.

2.4. In vivo TLS assay

The TLS assay has been previously described [18–20]. Briefly,
cells were co-transfected with a DNA mixture containing
100 ng of a gapped-lesion plasmid (GP-TT-CPD, or GP-TT-6-
4 PP; kanR), 100 ng of a control gapped plasmid without a
lesion (GP20; cmR), and 5 �g of the carrier plasmid pUC18,
using jetPEI/DNA complexes for the human fibroblast cells
or the NucleofectorTM system (Amaxa, GmbH, Köln, Ger-
many), for the BL2 cell lines. The cells were incubated 24 h
in order to allow repair, and then the DNA was extracted
using alkaline lysis conditions and used to transform E. coli
reporter strains. The percentage of plasmid repair, of which
most occurs by TLS, was calculated by dividing the number of
transformants obtained from the gap-lesion plasmid (number
of kanR colonies) by the number of transformants obtained
from the control gapped-plasmid (number of cmR colonies).
A small fraction of gap-lesion plasmids can be repaired by
non-TLS events, which involve most likely formation of a dou-
ble stranded break as an intermediate. These are observed
as plasmid isolates with large deletions or insertions. To
obtain precise TLS extents, the plasmid repair extents were

multiplied by the fraction of TLS events out of all plasmid
repair events, as obtained by DNA sequence analysis. To deter-
mine the DNA sequence changes that have occurred during
plasmid repair, sequence analysis was carried using the Tem-
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Fig. 1 – TLS across a TT CPD in pol�-proficient and
pol�-deficient cells. (A) The efficiency of TLS. (B) The error
frequency of TLS. (C) The frequency of non-TLS events
consisting of large deletions and insertions of sequences
from the control plasmid. The data for the graph in panel A
1638 d n a r e p a i r 7

pliPhi DNA Sequencing Template Amplification Kit from GE
Healthcare and the BigDye Terminator v1.1 Cycle Sequenc-
ing Kit from Applied Biosystems. Reactions were analyzed by
capillary electrophoresis on an ABI PRISMTM 3130xl Genetic
Analyzer from Applied Biosystems.

3. Results

3.1. The experimental system

To analyze TLS across defined and site-specific UV lesions
in a quantitative manner we used an assay system previ-
ously developed in our lab, based on transfection of cultured
mammalian cells with gapped plasmids carrying site-specific
lesions opposite the gap [18–21]. Briefly, the cells were tran-
siently transfected with a mixture of a gap-lesion plasmid
(kanR) carrying the site-specific UV lesion, a control gapped
plasmid without the lesion (cmR), and a carrier plasmid
(ampR). After allowing time for gap repair in the mammalian
cells, the plasmids were extracted under alkaline conditions,
such that only plasmids that have been completely filled in
and ligated remained intact. These were used to transform E.
coli recA cells, which were plated in parallel on LB-kanamycin
plates to select for filled in gap-lesion plasmids, and LB-
chloramphenicol plates to select for filled in control plasmids.
The ratio of kanR/cmR colonies is an indication of the extent
of TLS in the mammalian cells. Plasmids were extracted from
kanR cells, and the DNA sequence was determined across the
original damage site to reveal any sequence changes caused
during gap filling. The plasmids do not replicate in the mam-
malian cells, enabling quantification of the extent of gap
filling, but meaning that TLS was assayed uncoupled from
replication and in the context of a plasmid. Studies previously
performed in our lab have shown that this assay system is
useful for studying TLS: it is affected by the cellular compo-
sition of DNA polymerases, and is subjected to at least some
of the regulatory mechanisms controlling chromosomal TLS
[18–21].

3.2. TLS across a TT CPD is reduced in cells lacking
pol�

TLS was assayed using a gapped plasmid with a site-specific
TT CPD in three pairs of pol�-proficient and pol�-deficient
human cell types: primary fibroblasts from a normal individ-
ual and from an XPV patient, SV40-transformed fibroblasts
from a normal individual and from an XPV patient, and Burkitt
lymphoma cell line BL2 and its pol�-deficient derivative. As
can be seen in Fig. 1A and Table 1, the extent of TLS across
the TT CPD in pol�-proficient primary fibroblasts was 35%,
compared to 8% in primary fibroblasts obtained from an XPV
patient, representing a 4.4-fold decrease in the extent of TLS
in the absence of pol�. In SV40-transformed pol�-proficient
fibroblasts TLS across the TT CPD was high, reaching 81%,
compared to 31% in SV40-transformed fibroblasts obtained

from an XPV patient (Fig. 1A and Table 1), representing a 2.6-
fold decrease in TLS in the absence of pol�. TLS extents in the
lymphoma cell lines were 19% and 7% for the pol�-proficient
and pol�-deficient cells, respectively (Fig. 1A and Table 1), rep-
was taken from Table 1, and for the graphs presented in
panels B and C from Tables 2 and 3.

resenting a 2.7-fold lower TLS in the absence of pol�. Thus,
despite the presence of multiple additional DNA polymerases
in the human cells, the absence of pol� caused a significant
deficiency in the ability to perform TLS across a TT CPD. The
smaller effects in the SV40-transformed fibroblasts and the
BL2 lymphoma cells may be due to deregulation of TLS, allow-
ing ‘unauthorized’ DNA polymerases to perform TLS across
the TT CPD, which is usually bypassed by pol�.

3.3. TLS across a TT CPD is much more mutagenic in
cells lacking pol�

To examine the fidelity and mutation types produced during

TLS across the TT CPD we extracted kanR colonies from the
TLS experiments described above, and subjected them to DNA
sequence analysis. As can be seen in Tables 2 and 3 and Fig. 1B,
the vast majority of gap filling events in primary fibroblasts
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Table 1 – TLS across a site-specific TT CPD in pol�-proficient and pol�-deficient human cells

Cell type Transformants Plasmid repair (%) TLS (%)

KanR CmR

Primary fibroblasts POLH+/+ 121 357 35 ± 3 35 ± 3
POLH−/− (XPV) 100 1066 9 ± 1 8 ± 1

SV40-transformed
fibroblasts

POLH+/+ 307 345 85 ± 5 81 ± 5
POLH−/− (XPV) 523 1707 32 ± 3 31 ± 2

Burkitt’s lymphoma cells POLH+/+ 223 1045 21 ± 2 19 ± 1
POLH−/− 105 972 10 ± 2 7 ± 2

Plasmid mixtures containing GP-TT-CPD (kanR) along with the control GP20 (cmR) and the carrier plasmids were introduced into the indicated
human cells, after which the DNA was extracted and introduced into an E. coli indicator strain. The extent of plasmid repair was calculated by
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the kan /cm ratio, and the extent of TLS was obtained by calculati
determined by DNA sequence analysis, and shown in Tables 2 and 3.
plasmid repair and TLS were obtained by averaging the results of at l

78/79 events; 99%) are consistent with gap filling by TLS, and
ll (78/78) had the correct sequence AA inserted opposite the
T CPD. This represents an error frequency of <1.3%, which

s consistent with the in vitro error frequency determined for
urified human pol� [22,23]. The picture was generally sim-

lar in the pol�-proficient SV40-transformed fibroblasts and
he BL2 lymphoma cell line, where accurate TLS accounted
or 94% and 89%, respectively, however the fraction of muta-
enic TLS was slightly higher (Tables 2 and 3, Fig. 1B). The
ccuracy of TLS across the TT CPD significantly changed in
rimary fibroblasts from XPV patients, where the fraction of
rrors made by TLS increased by >11-fold (15% of all isolates;
= 0.002; Table 3 and Fig. 1B). Large increases in mutagenic TLS

t the CPD were also observed in SV40-transformed fibroblasts
rom XPV patients, and in the BL2 pol�-deficient lymphoma
ell line, reaching error frequencies 16-fold (P = 0.0003) and
.4-fold (P = 0.003) higher, respectively, than in their cognate

Table 2 – DNA sequence analysis of descendants of a gap-lesion
pol�-proficient and pol�-deficient human cells

DNA sequence
opposite TT CPD

Primary fibroblasts SV40

POLH+/+a POLH−/−a POLH+/+

C-AA-C 78 (99) 54 (78) 84 (94)
A-AA-C – 2 (3) –
G-AA-C – 1 (1) –
C-CA-C – – –
C-GA-C – 3 (4) –
C-TA-C – 2 (3) –
C-AA-A – 2 (3) –
�-AA-C – – 1 (1)
C-AT-A – – –
C-TA-A – – –

Non-TLS events 1 (1) 5 (7) 4 (4)

Total 79 (100) 69 (100) 89 (100

Plasmids were extracted from kanR colonies obtained in the experiments
sequence opposite the site of the TT CPD is shown in the 5′–3′ direction. Acc
nucleotides are those located opposite the original TT CPD. Mutations are
Non-TLS events include big deletions and insertion of sequences from the
a Number of isolates (%).
is value by the percentage of TLS events out of all repair events, as
olony counts are of a representative experiment. The efficiencies of
hree experiments.

pol�-proficient cells (Table 3 and Fig. 1B). Thus, in the absence
of pol�, TLS across the TT CPD becomes more mutagenic by
approximately an order of magnitude.

3.4. Mutagenic signature of TLS across a TT CPD in
XPV cells

Generally the mutational patterns were similar in each of the
three pol�-deficient cell types (Tables 2 and 3). First, some-
what unexpectedly, a significant fraction of 23% of all the
mutants (9/39) were semi-targeted, appearing not opposite
the site of the CPD, but at its nearest flanking nucleotides
(roughly equally distributed between the template nucleotides

3′ and 5′ to the CPD; Tables 2 and 3). Second, nearly all
targeted mutations occurred opposite the 3′ T of the CPD
(the first to be encountered by the replicating polymerase).
This included 97% (29/30) of the targeted mutations, which

plasmid carrying a site-specific TT CPD after repair in

-transformed fibroblasts Burkitt’s lymphoma

a POLH−/−a POLH+/+a POLH−/−a

73 (81) 64 (89) 44 (56)
1 (1) 1 (1.5) –
1 (1) – –
1 (1) – –
5 (6) – 6 (8)
5 (6) – 7 (9)
1 (1) – 1 (1)
– – –
1 (1) – –
– 1 (1.5) –

2 (2) 6 (8) 20 (26)

) 90 (100) 72 (100) 78 (100)

described in Table 1, and subjected to DNA sequence analysis. The
urate TLS is represented by the sequence 5′-CAAC-3′. The underlined

presented by bold type. � represents a single-nucleotide deletion.
control plasmid.
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Table 3 – Categories of molecular events occurring during TLS across a TT CPD in pol�-proficient and pol�-deficient
human cells

Cell type Primary fibroblasts SV40-transformed fibroblasts Burkitt’s lymphoma cells

Category of molecular
event

POLH+/+a POLH−/−a POLH+/+a POLH−/−a POLH+/+a POLH−/−a

Error-free TLS 78 (99) 54 (78) 84 (94) 73 (81) 64 (89) 44 (56)

Error-prone TLS 0 (<1) 10 (15) P = 0.002 1 (1) 15 (17) P = 0.0003 2 (3) 14 (18) P = 0.003
Targeted mutations

Transitions at 3′ T 3 5 6
Transversions at 3′ T 2 6 7
Small deletions 1

Semi-targeted mutations
3′ to the lesion 3 2 1
5′ to the lesion 2 1 1

Tandem double 1

Non-tandem double 1

Non-TLS events (insertions
or deletions)

1 (1) 5 (7) P = 0.06 4 (4) 2 (2) P = 0.4 6 (8) 20 (26) P = 0.005

Total 79 (100) 69 (100) 89 (100) 90 (100) 72 (100) 78 (100)

he di
.

Based on the data presented in Table 2. The statistical significance of t
cells was calculated using the �2-test, and the P values are presented
a Number of isolates (%).

comprise 74% (29/39) of all mutagenic TLS events. One
occurrence was a tandem double base substitution, which
included the 5′ T of the CPD, and the template G 5′ to
it.

3.5. Non-TLS events are increased at a TT CPD in cells
lacking pol�

Some of the DNA sequences obtained contained deletions
and insertions at the original gap-lesion site in the plasmid,
which were clearly the result of non-TLS events. The deletions
were typically 9–70-bp long, and the insertions were typically

5–50-bp long, originating from the control plasmid GP20. They
represent, most likely, events initiated by breakage of the plas-
mid at the ssDNA region, creating effectively a double strand
break (DSB). Such DSB can be repaired by non-homologous

Table 4 – TLS across a site-specific TT 6-4 PP in pol�-proficient

Cell type Trans

KanR

Primary fibroblasts POLH+/+ 323
POLH−/− (XPV) 274

SV-40 transformed fibroblasts POLH+/+ 154
POLH−/− (XPV) 342

Burkitt’s lymphoma cells POLH+/+ 88
POLH−/− 68

The experiments were performed as described in the legend to Table 1, exc
of plasmid repair was calculated by the kanR/cmR ratio, and the extent of
events out of all repair events, as determined by DNA sequence analysis, an
experiment. The efficiencies of plasmid repair and TLS were obtained by a
fference in mutant frequencies between pairs of POLH+/+ and POLH−/−

end joining (NHEJ) or homologous recombination (HR), as pre-
viously shown ([1,24] and Covo and Livneh, in preparation).
The non-TLS events are infrequent in normal fibroblasts (1/79;
1.3%), however they increased by approximately fivefold (5/69;
7%; P = 0.06) in primary fibroblasts from XPV patients (Table 3
and Fig. 1C). Similarly, a significant fraction of DSB-related
events were observed in BL2 pol�-deficient cells, amounting
to 26% (20/78) of all isolates, which was 3-fold higher than in
the parental BL2 pol�-proficient cell line (Table 3 and Fig. 1C).
In the SV40-transformed fibroblast cell lines the fraction of
DSB-related events was similar with and without pol�, but the
numbers of events were too small to draw firm conclusions.

The increase in the putative DSB-related events observed in
cells lacking pol� is consistent with strand breakage caused by
a difficulty in synthesizing across the CPD due to the deficiency
in TLS.

and pol�-deficient human cells

formants Plasmid repair (%) TLS (%)

CmR

2064 14 ± 3 13 ± 3
2207 12 ± 2 11 ± 2

332 41 ± 4 40 ± 4
1022 29 ± 2 28 ± 2

566 15 ± 2 14 ± 1
790 8 ± 1 7 ± 1

ept that the gap-lesion plasmid was GP-TT-6-4-PP (kanR). The extent
TLS was obtained by multiplying this value by the percentage of TLS
d shown in Tables 5 and 6. The colony counts are of a representative
veraging the results of at least three experiments.
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Table 5 – DNA sequence analysis of descendants of a gap-lesion plasmid carrying a site-specific TT 6-4 PP after repair in
pol�-proficient and pol�-deficient human cells

DNA sequence opposite TT 6-4 PP Primary fibroblasts SV40-transformed fibroblasts Burkitt’s lymphoma cells

POLH+/+a POLH−/−a POLH+/+a POLH−/−a POLH+/+a POLH−/−a

C-AA-C 59 (46) 40 (40) 43 (47) 22 (34) 86 (68) 54 (55)
A-AA-C – – 1 (1) – 2 (2) –
T-AA-C 1 (1) 1 (1) 7 (8) 1 (2) – –
C-CA-C 1 (1) – 1 (1) 2 (3) – 1 (1)
C-GA-C 5 (4) 5 (5) 2 (2) 2 (3) 2 (2) 1 (1)
C-TA-C 2 (2) 3 (3) 1 (1) 2 (3) – 2 (2)
C-AC-C 2 (2) 1 (1) 3 (3) 2 (3) 1 (1) –
C-AG-C 3 (2) – – 2 (3) 3 (2) 1 (1)
C-AT-C 3 (2) – 3 (3) 1 (2) 1 (1) 1 (1)
C-AA-A 25 (20) 32 (32) 22 (24) 17 (27) 11 (9) 15 (15)
C-AA-G – 1 (1) – – – –
C-AA-T – – – 1 (2) – 1 (1)
C-�A-C – – 4 (4) 1 (2) 1 (1) 3 (3)
C-A�-C 1 (1) – – – 5 (4) 8 (8)
C-AA-� – – – 1 (2) – –
C-A�-� – – – – – 1 (1)
A-CA-C – 1 (1) – – – –
A-GA-C – – – 1 (2) – –
A-TA-C 1 (1) – – – – –
T-CA-C 1 (1) – – – – –
C-CC-C – 1 (1) – – – –
C-GC-C 1 (1) – – – – –
C-TG-C 1 (1) – – – 1 (1) –
C-TT-C – 2 (2) – 1 (2) 1 (1) 1 (1)
A-AG-C – – 1 (1) – – –
C-GA-A 3 (2) 2 (2) – 4 (6) 4 (3) 2 (2)
C-TA-A 7 (5) – – 2 (3) 2 (2) –

Non-TLS events 12 (9) 10 (10) 3 (3) 2 (3) 6 (5) 8 (8)

Total 128 (100) 99 (100) 91 (100) 64 (100) 126 (100) 99 (100)

Plasmids were extracted from kanR colonies obtained in the experiments described in Table 4, and subjected to DNA sequence analysis. The
sequence opposite the site of the TT 6-4 PP is shown in the 5′–3′ direction. Accurate TLS is represented by the sequence 5′-CAAC-3′. The

PP. M
ences

3
a

I
s
i
a
T
fi
T
h
t
i
T
f
p
I
a
t
l
I

underlined nucleotides are those located opposite the original TT 6-4
deletion. Non-TLS events include big deletions and insertion of sequ
a Number of isolates (%).

.6. TLS across a site-specific TT 6-4 PP is marginally
ffected by the lack of pol�

n order to examine TLS across a TT 6-4 PP we performed a
imilar set of TLS experiments with a gapped plasmid carry-
ng a site-specific TT 6-4 PP in the three pairs of pol�-proficient
nd pol�-deficients cell types. As can be seen in Fig. 2A and
able 4, the extent of TLS across the TT 6-4 PP in primary
broblasts was lower than across TT CPD, suggesting that the
LS machinery copes less well with this type of lesion, per-
aps due to the larger deformation that it causes in DNA, and
he lack of a specific DNA polymerase which is able to bypass
t. When assayed in primary fibroblasts from XPV patients,
LS across TT 6-4 PP was the same as in primary fibroblasts

rom normal individuals (Fig. 2A and Table 4), suggesting that
ol� does not play a significant role in TLS across this lesion.

n the pair of SV40-transformed fibroblasts the extent of TLS

cross this lesion was higher than in primary fibroblasts, and
here appears to be a slight decrease in TLS in the XPV cell
ine compared to the pol�-proficient line (Fig. 2A and Table 4).
nterestingly, in the BL2 pol�-deficient cell line, TLS across the
utations are presented by bold type. � represents a one-nucleotide
from the control plasmid.

TT 6-4 PP was nearly twofold lower than in its pol�-proficient
parental cell line (Fig. 2A and Table 4). This might be signif-
icant, since unlike the previous cell type pairs, this pair of
cells is isogenic. Thus, it is possible that at least under some
conditions, perhaps when TLS is deregulated, pol� might be
involved in bypass across a TT 6-4 PP.

3.7. TLS across TT 6-4 PP is highly mutagenic, with a
complex spectrum that is unaffected by the absence of pol�

To establish the type of mutations formed during TLS across a
TT 6-4 PP, we performed DNA sequence analysis of plasmids
isolated from kanR colonies obtained in TLS experiments with
gapped plasmid carrying the site-specific TT 6-4 PP. As can
be seen in Fig. 2B and Tables 5 and 6, TLS across the TT 6-
4 PP was highly mutagenic in primary fibroblasts, with 45%
(57/128) of the bypass products carrying point mutations. Very

similar results were obtained with primary fibroblasts from
XPV patients. Also in the two other cell pairs TLS across the
TT 6-4 PP was highly mutagenic, with no significant difference
between cells with or without pol� (Fig. 2B and Tables 5 and 6).
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Fig. 2 – TLS across a TT 6-4 PP in pol�-proficient and pol�-deficient cells. (A) The efficiency of TLS. (B) The error frequency of
TLS. (C) The frequency of non-TLS events consisting of large deletions and insertions of sequences from the control

able
plasmid. The data for the graph in panel A was taken from T
Tables 5 and 6.

The DNA sequence changes caused by TLS across the TT 6-
4 PP exhibited a large variety of mutations, with no significant
difference between cells with or without pol� (Tables 5 and 6).
Notably, the most abundant mutation was a G → T transver-
sion semi-targeted to the template G located 5′ to the TT 6-4
PP. It accounted for 44% (25/57) of the mutations in primary
normal fibroblasts, with similar abundance in the other cell
types. Targeted base substitutions were formed opposite each
of the two T bases of the TT 6-4 PP, and small but significant
fractions of tandem and no-tandem double base substitutions,
and minus 1 deletions, were observed (Tables 5 and 6).

4. Discussion

The involvement of pol� in the relatively error-free TLS across

UV lesions, specifically CPD, is well established [5,6,23]. Still
previous studies have not measured in a direct and quan-
titative fashion the effect of the absence of pol� on TLS
across defined UV lesions. In order to ensure that effects
4, and for the graphs presented in panels B and C from

observed in cells lacking pol� were indeed due to the absence
of this polymerase, we performed our study in three pairs of
pol�-proficient and pol�-deficient human cells. As cell lines
frequently accumulate genetic changes that might affect a
variety of normal pathways, of the cells used, primary fibrob-
lasts are perhaps the closest to the definition of a normal cell.
Primary fibroblasts lacking pol� that were obtained from an
XPV patient, obviously originated from a different person, and
thus were not isogenic to the control normal fibroblasts. Like-
wise, the second pair of SV40-transformed fibroblasts is not
isogenic. In contrast, the third pair was isogenic: the cell line
BL2, derived from a Burkitt lymphoma patient, and a pol�-
knockout derivative of it. The fact that in all 3 cell-pairs TLS
across the TT CPD in the pol�-deficient cell was less efficient
and more mutagenic than in its cognate pol�-proficient cell
indicates that the these effects are indeed mainly due to the

lack of pol�.

There was a variation among the three pol�-proficient cell
types in the extent of TLS across the TT CPD, varying from 21%
to 85%. A similar variation, from 15% to 41% was observed for
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Table 6 – Categories of molecular events occurring during TLS across a TT 6-4 PP in pol�-proficient and pol�-deficient
human cells

Cell type Primary fibroblasts SV40-transformed fibroblasts Burkitt’s lymphoma cells

Category of molecular event POLH+/+a POLH−/−a POLH+/+a POLH−/− POLH+/+a POLH−/−a

Error-free TLS 59 (46) 40 (40) 43 (47) 22 (34) 86 (68) 54 (55)

Error-prone TLS 57 (45) 49 (50) 45 (50) 40 (63) 34 (27) 37 (37)
Targeted mutations

Transitions
At 3′ T 5 5 2 2 2 1
At 5′ T 3 2 3 1

Transversions
At 3′ T 3 3 2 4 3
At 5′ T 5 1 6 3 2 1

Small deletions 1 4 2 6 12

Semi-targeted mutations
3′ to the lesion 1 1 8 1 2
5′ to the lesion 25 33 22 18 11 16

Tandem double 4 4 2 2 1

Non-tandem double 10 2 1 6 6 2

Non-TLS events (insertions or deletions) 12 (9) 10 (10) 3 (3) 2 (3) 6 (5) 8 (8)

Total 128 (100) 99 (100) 91 (100) 64 (100) 126 (100) 99 (100)
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Based on the data presented in Table 5.
a Number of isolates (%).

LS across the TT 6-4 PP. The reasons for these variations are
ot clear, but they may stem, at least in part from differences

n the regulation or performance of the TLS machinery. For
xample, the higher TLS in SV40-transformed fibroblasts, in
hich p53 is inactivated [25], is consistent with the finding

hat p53 suppresses TLS [20]. This correlation does not hold for
he BL2 cell lines, which overexpress Mdm2, thereby causing
deficiency in p53 [26]. In any case, for all three cell-pairs, TLS
cross TT CPD was lower in the pol�-deficient cell compared
o its pol�-proficient control by 2.6–4.4-fold. Thus, despite the
resence of a multiplicity of other DNA polymerases in the
ell, the lack of pol� is not fully compensated by other TLS
olymerases as far as efficiency of TLS is concerned.

When the accuracy of TLS across the TT CPD is considered,
n all three cell-pairs there was a dramatic increase of about
n order of magnitude in the mutagenicity of TLS across a
T CPD in cells lacking pol� compared to their pol�-proficient
ounterparts. Examination of the mutations caused by the TT
PD in cells lacking pol� revealed nearly equal numbers of

ransversions and transitions, most of which were targeted
o the 3′ T of the TT CPD. Most interestingly, nearly a quar-
er of the mutations were semi-targeted to the two nearest
ucleotides flanking the TT CPD. To our knowledge, this is the
rst demonstration that TLS across a defined TT CPD is much
ore mutagenic in mammalian cells lacking pol� in general,

nd cells from XPV patients in particular, and the first report

n the specificity of its mutagenicity.

The mutagenic spectrum of the 6-4 adducts is complex, and
ncludes nearly every possible point mutation opposite the 6-4
P, and the two nearest bases flanking it. This highlights the
significant structural deviation of this lesion from the struc-
ture of two adjacent normal T bases, and the difficulty of fitting
a particular base in the active site of the polymerase perform-
ing the insertion opposite the lesion. It is therefore remarkable
that in 35–59% of the TLS events the correct AA nucleotides
are inserted opposite the TT 6-4 PP. However, this might not
represent the ability of the TLS system to correctly pair the
dAMP residues opposite the TT 6-4 PP, but rather a fortuitous
insertion according to the ‘A rule’, whereby an A is preferen-
tially inserted opposite non-coding lesions such as an abasic
site [18,27,28] or a -(CH2)3- insert [21]. The hotspot of the semi-
targeted G → T transversion at the template G located 5′ to the
TT 6-4 PP may be another manifestation of the local defor-
mation caused by the 6-4 PP, which affects the base pairing
at neighboring template base, as are the tandem double and
non-tandem double point mutations in this site.

Previous studies have used site-specific TT CPD and TT
6-4 PP in various forms of vectors in mammalian cells, how-
ever, as the assays in those studies were not quantitative,
the efficiency of TLS could not be estimated [29,30]. As far as
mutational specificity is concerned, the mutational spectrum
of a TT CPD was previously not determined in XPV cells. In
contrast, the mutability of a TT 6-4 PP was determined in mon-
key cells, using a replicating plasmid [29,30]. Our results are
comparable to those obtained in the COS cells, including the
semi-targeted hot spot. Interestingly, while we found essen-

tially no difference in insertion specificity opposite TT 6-4 PP in
human cells with or without pol�, the situation in S. cerevisiae
might be different. Thus, it was reported that in this organ-
ism mutagenic TLS across TT 6-4 PP was strongly suppressed
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in a rad30� strain lacking pol� [31]. A second study, using a
different sequence context around the lesion, found only a
very small difference [32]. These differences may reflect dif-
ferences in DNA sequence context, or a difference between
humans and S. cerevisiae in the DNA polymerases involved in
TLS across TT 6-4 PP, reflecting perhaps the fact that the former
have more TLS polymerases [33].

Several studies suggested that CPD rather than 6-4 PP
are the main premutagenic lesions, perhaps because 6-4
PP are both less abundant, and repaired much better than
CPD [34–37]. However, the identity of the polymerase that
causes CPD-induced mutations in wild-type cells is not clear.
The main candidate is pol�, since it is responsible for the
majority of TLS across CPD in human cells [38]. Most UV-
induced mutations occur at cytosines, suggesting involvement
of cytosine-containing CPD. The latter have been shown to
undergo facilitated spontaneous deamination, which converts
them into U-containing CPD, i.e., UT, TU and UU [39,40] which
exhibit coding properties similar to TT CPD [41,42]. Thus,
the combination of spontaneous deamination of C-containing
CPD, followed by bypass of the resultant U-containing CPD by
pol� provides a potent mutagenic pathway for UV-induced
C → T transitions. It has been estimated that C-containing
CPD in DNA deaminate in vitro with a half-life of approxi-
mately 5 h [40]. Thus, the contribution of this process to UV
mutagenesis might be significant, depending on the in vivo
rates of deamination on one hand, and TLS on the other
hand. In any case, it should be kept in mind that other
polymerases can substitute for pol� in bypass across CPD,
and with a much higher error frequency as shown above,
a process that might also contribute to the mutagenesis
of UV.

Analysis of UV mutations in the HPRT gene in human cells
showed that 33% and 42% occurred at a template T, in nor-
mal and XPV fibroblasts, respectively, for which the results
obtained with the TT CPD are directly relevant [43]. In that
study one of the main differences in the UV mutational spectra
of normal and XPV cells, was a strong increase in the occur-
rence of transversions at the expense of transitions in the
latter. Thus, in XPV cells 62% of the mutations were transver-
sions, whereas in normal cells they accounted to only 14%.
When mutations at only T are concerned, the frequency was
58% transversions versus 14%, respectively [43]. Similar results
were obtained also in assay systems based on shuttle vectors
[44]. Our results presented above showed that in XPV cells 52%
(15/29) of the base substitutions targeted to the lesions were
transversions, and the majority of those were T → A, which
may explain the occurrence of this mutation in about 50% of
the transversions at AT pairs in the HPRT system.

Failure to bypass DNA lesions may lead to the formation of
DSB, and subsequent deletions and chromosomal abnormal-
ities. In particular, it was shown that in XPV cells, UV light,
which does not directly form DSB in DNA, caused the appear-
ance of DSB, presumably due to the inability to replicate across
UV lesions, which may be responsible, at least in part, for the
UV sensitivity of these cells [45,46]. Interestingly, although the

gapped plasmid system does not involve replication, we have
observed that when the TT CPD-containing gapped plasmid
was analyzed in cells lacking pol�, the fraction of non-TLS
events consisting of large deletions and insertions signifi-
0 8 ) 1636–1646

cantly increased. The simplest explanation for these events
is the formation of a break in the ssDNA region of the plasmid
due to failure of TLS. This is practically a DSB in the plasmid,
and it may be repaired by either NHEJ, with the accompanying
formation of deletions, or homologous recombination repair
with the control intact plasmid [47,48]. This effect appears to
be specifically the result of failure to bypass the TT CPD, since it
was not observed for the TT 6-4 PP lesions, in which there was
no difference in the frequency of deletions/insertions events
between pol�-proficient and deficient cells.

The skin cancer predisposition of XPV patients is explained
by a germ-line mutation in the POLH gene that renders them
pol�-deficient, combined with the exposure to sunlight that
produces DNA lesions, leading to increased mutagenesis and
therefore facilitated carcinogenesis. Indeed, it has long been
known that cells from XPV patients exhibit UV sensitivity and
hyper-mutability [1]. The identification of CPD as the major
mutagenic UV lesion, along with the ability of purified pol�,
which is lacking in XPV patients, to efficiently and relatively
accurately bypass CPD, led to the explanation that much of the
phenotypes of XPV cells can be explained by a deficiency in TLS
across CPD [1]. The results presented here provide direct evi-
dence that supports this explanation, by demonstrating that
TLS across a TT CPD in the absence of pol� is less efficient,
and much more mutagenic.
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