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Human cells tolerate UV-induced cyclobutane pyrimidine dimers
(CPD) by translesion DNA synthesis (TLS), carried out by DNA
polymerase �, the POLH gene product. A deficiency in DNA poly-
merase � due to germ-line mutations in POLH causes the hereditary
disease xeroderma pigmentosum variant (XPV), which is charac-
terized by sunlight sensitivity and extreme predisposition to sun-
light-induced skin cancer. XPV cells are UV hypermutable due to the
activity of mutagenic TLS across CPD, which explains the cancer
predisposition of the patients. However, the identity of the backup
polymerase that carries out this mutagenic TLS was unclear. Here,
we show that DNA polymerase � cooperates with DNA poly-
merases � and � to carry out error-prone TLS across a TT CPD.
Moreover, DNA polymerases � and �, but not �, protect XPV cells
against UV cytotoxicity, independently of nucleotide excision re-
pair. This presents an extreme example of benefit-risk balance in
the activity of TLS polymerases, which provide protection against
UV cytotoxicity at the cost of increased mutagenic load.

carcinogenesis � DNA repair � lesion bypass � replication � ultraviolet

TLS is a fundamental mechanism for tolerating DNA damage
that has escaped repair, carried out by specialized low-

fidelity DNA polymerases, which synthesize across a wide variety
of DNA lesions (1). At least 5 TLS DNA polymerases are present
in mammals, four of which, DNA polymerases �, �, �, and REV1,
belong to the Y superfamily. The fifth TLS polymerase is pol�,
which belongs to the B family, and is the only TLS polymerase
known to be essential in mammals (2–5). TLS polymerases
exhibit a certain degree of specificity for their substrate DNA
lesions, and their activity is tightly regulated (6–9). The most well
characterized TLS polymerase is pol�, which is specialized to
bypass cyclobutane pyrimidine dimers (CPD) in a relatively
error-free manner. The biological significance of pol� is illus-
trated by the hereditary disease xeroderma pigmentosum variant
(XPV), in which germ-line mutations in the POLH gene, encod-
ing pol�, cause an extreme 1000-fold increased predisposition to
sunlight-induced skin cancer (10, 11). Cells from XPV patients
exhibit a slightly increased UV sensitivity, and a dramatic UV
hypermutability (12), which is responsible for their extreme
cancer predisposition. The UV hypermutability is explained by
the activity of a back-up DNA polymerase that performs TLS
across CPD with lower efficiency and higher error-frequency.
Although there is evidence that pol� is involved in TLS across
CPD in XPV cells (13–15), additional polymerases may be
involved, and the picture is far from being complete. This is an
important issue because these polymerases are likely to be
driving sunlight-induced skin carcinogenesis in XPV patients.

Here, we show that 3 TLS polymerases, pol�, pol�, and pol�,
are involved in TLS across CPD in XPV cells. Moreover, pol� and
pol�, but not pol�, also provide protection against UV cytotox-
icity, independently of nucleotide excision repair (NER).

Results
Pol�, pol�, and pol� Are Involved in TLS Across a Site-Specific TT CPD
in Human XPV Cells. To identify the polymerase responsible for
TLS across CPD in XPV cells we used a shuttle gapped-plasmid

TLS assay with XPV cells in which the expression of defined
DNA polymerases was knocked-down using siRNA. The assay
involves transfection of cultured cells with a plasmid carrying a
gap opposite a site-specific TT CPD (GP-TT-CPD), along with
a control, gapped plasmid, without the CPD (Fig. 1A). After
allowing for TLS to occur in the cells, the plasmids are extracted
under alkaline conditions, introduced into a TLS-defective E.
coli recA strain, and plated in parallel on LB-kanamycin (for
repaired GP-TT-CPD) and LB-chloramphenicol (for repaired
control plasmid). The ratio of kanR/cmR E. coli colonies is a
measure of the efficiency of TLS in the mammalian cells, and
sequence analysis of plasmids extracted from individual colonies
provides data on DNA sequence changes during TLS. The assay
was found to be very useful to study TLS in mammalian cells (8,
16, 17), perhaps because it is a good model system of postrep-
lication gaps (18). Using this system we have shown that TLS
across a TT CPD is an order of magnitude more mutagenic in
XPV cells compared with normal cells (19), consistent with the
hypermutability of XPV cells (12), and the relatively accurate
TLS across CPD by purified pol� (10, 20).

Plasmid GP-TT-CPD was used to transfect a cell line from an
XPV patient, in which the expression of POLI, encoding pol�,
POLK, encoding pol�, and/or REV3L, encoding the catalytic
subunit of pol� were knocked-down using siRNA. As shown in
Fig. S1, each siRNA, effectively and specifically, knocked-down
the expression of its target polymerase. When the efficiency of
TLS was assayed, knocking-down POLI or POLK expression had
a marginal effect compared with the treatment of cells with
control siRNA (Fig. 1B and Table S1). In contrast, knocking
down the expression of REV3L caused a significant 74% de-
crease in TLS. Considering the possibility that pol� and pol� may
back-up each other, we examined TLS under conditions in which
the expression of both POLI and POLK was knocked-down.
Under these conditions TLS across the TT CPD decreased by
65%, similar to the effect of REV3L alone (Fig. 1B and Table S1).
Knocking-down REV3L expression in combination with POLK,
or POLI and POLK, had an effect similar to knocking down
REV3L alone (Fig. 1B). Thus, on one hand most TLS events
across TT CPD require pol� or pol�, but on the other hand most
TLS events require pol�. This suggests that in XPV cells pol�
cooperates with pol� and/or with pol� in 2-polymerase TLS
reactions across a TT CPD.

Pol�, Pol�, and Pol� Are Responsible for Mutagenic TLS Across TT CPD
in XPV Cells. To determine the extent of mutagenic TLS under
conditions in which the expression of certain DNA polymerases
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was knocked-down, one needs to multiply the efficiency of gap
repair by the fraction of mutagenic TLS obtained from DNA
sequence analysis of plasmid isolates. To that end we used the
extents of TLS from Fig. 1B and Table S1, and the DNA
sequence information presented in Table S2. In cells treated with
control siRNA, the extent of TLS across the TT CPD was 23%,
composed of 7% mutagenic TLS, and 16% accurate TLS (Fig.
1C and Tables S2 and S3). In XPV cells in which the expression
of REV3L was knocked down, the extent of mutagenic TLS
across TT CPD dramatically decreased by 84% (Fig. 1C and
Tables S2 and S3). Similarly, knocking-down the expression of
both POLK and POLI decreased the extent of mutagenic TLS by
76%. Knocking-down the expression of POLK or POLI alone
had only a marginal effect on the extent of mutagenic TLS (Fig.
1C and Tables S2 and S3). Generally similar effects were
observed also for accurate TLS across TT CPD (Fig. 1C and
Table S2 and S3). Thus, pol�, pol�, and pol� are involved in both
mutagenic and accurate TLS across TT CPD in XPV cells.

The mutational signature in XPV cells treated with control
siRNA showed that the majority of mutations were targeted to
the TT CPD (71%, 20/28 events; Table S2), mostly to the 3� T
of the CPD (80%, 16/20 events) (Table S2), and a significant
fraction was semitargeted to the most proximal nucleotides
flanking the TT CPD (29%, 8/28 events) (Table S2). One
tandem double mutation opposite the CPD was also observed.
In contrast to the mutational load (extent of mutagenic TLS), the
mutational signature, which is consistent with previous results

(19), did not significantly change when the expression of POLK,
POLI, REV3L or both POLI and POLK was knocked-down
(Table S2; see Discussion).

Pol� and pol�, but Not pol�, Protect XPV Cells Against UV Cytotoxicity.
The in vivo involvement of pol� in TLS across a TT CPD was
somewhat unexpected, because pol� was reported to be blocked
by this lesion (21). To examine whether pol�, and the other
polymerases have a similar function in human chromosomes we
analyzed the UV sensitivity of XPV cells in which the expression
of these polymerases was knocked-down. This was done by
assaying ATP level, which rapidly decreases in cells undergoing
apoptosis or necrosis (Fig. 2A). As shown in Fig. 2B, knocking-
down the expression of POLH had no effect on UV sensitivity
of the XPV cells, as expected, because these cells are pol�-
deficient anyway (Fig. 2B). Similarly, knocking-down the expres-
sion of POLI had no effect on UV sensitivity, which was different
from several (but not all) previous reports (13–15, 22). In
contrast, knocking-down the expression of POLK increased UV
sensitivity up to 3.5–5-fold, and REV3L by up to 33- to 39-fold
(Fig. 2B). Knocking-down the expression of both POLK and
POLI had an effect similar to knocking down POLK alone (Fig.
2B). Measuring UV sensitivity by 5-bromo-2�-deoxyuracil
(BrdU) incorporation gave similar results (Fig. S2 A). Thus, pol�
and pol�, but not pol�, protect XPV cells against UV cytotoxicity.
Generally consistent, although milder, effects were observed in
MRC5 pol�-proficient human cells (Fig. 2C). Notably, knock-

Fig. 1. TLS across a TT CPD in XPV cells pretreated with siRNA against specific TLS polymerases. (A) Outline of the gapped plasmid TLS assay. See text for details. (B)
Relative TLS extent across TT CPD lesions in XPV cells pretreated with siRNA against TLS polymerases. Each column represents the average of 6–10 measurements. See
details in Table S1 and in Materials and Methods. (C) Extent of accurate and mutagenic TLS in XPV cells pretreated with siRNA against TLS polymerases. Sequences were
classified as accurate TLS (insertion of AA opposite the TT CPD), mutagenic TLS (nucleotides other than AA inserted opposite the TT CPD, or mutations at the nucleotides
flankingtheTTCPD),and non-TLSevents (large insertionsand deletions). Theextentofeachevent typewasobtainedbymultiplyingtheextentofplasmidrepair (Table
S1) by the fraction of that event obtained from the DNA sequence analysis (Table S2), as presented in Table S3.
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ing-down the expression of POLK on top of knocking-down the
expression of POLH caused significantly increased UV sensitiv-
ity compared with knocking down POLH alone, and a similar
effect was observed by knocking down the expression of REV3L
along with POLH (Fig. 2C).

Protection Against UV Cytotoxicity Provided by pol� and pol� Occurs
in the Absence of Nucleotide Excision Repair. XPV cells are profi-
cient in nucleotide excision repair (NER), and therefore the
effects on UV sensitivity observed when the expression of TLS
polymerases was knocked-down could be mediated via NER.
This possibility is supported by the report that pol� is involved
in NER of UV lesions in human cells (23). To examine this
possibility we repeated the UV sensitivity experiments with a cell
line from an XPA patient, totally defective in NER. As shown in
Fig. 3A, a control siRNA and siRNA against XPA had no effect
on UV sensitivity of the XPA cell line, as expected. Like in the
case of XPV cells, siRNA against POLI had no effect on UV
sensitivity. However, knocking-down the expression of POLH or
POLK caused an up to 2-fold decrease in UV sensitivity (Fig.
3A). Remarkably, knocking-down the expression of REV3L
caused a strong 4- to 5-fold increase in UV sensitivity compared
with cells treated with a control siRNA (Fig. 3A). A similarly
strong 5- to 6-fold increase in UV sensitivity was observed upon
knocking-down the expression of both POLK and POLH (Fig.
3A). Knocking-down the expression of POLI, in addition to
POLH and POLK, had no additional effect. Similar results were
obtained using 3 different siRNA sequences for each POLK,
POLH and REV3L, minimizing the possibility of off-target
effects (Fig. S3B). In addition, similar results were obtained
using incorporation of BrdU to assay UV sensitivity (Fig. S2B).
Surprised by the importance of pol� in protecting XPA cells
against UV cytotoxicity, we repeated the experiments using the
colony forming ability assay. UV sensitivity of XPA cells in this
assay was higher, because cells had been assayed 2 weeks after
irradiation, when many more cells complete the UV-induced
death process (24). However, also in this assay knocking-down
the expression of either POLH or POLK yielded similar UV
sensitization, with a bigger effect when both together were

knocked-down (Fig. 3B). Thus, the function of pol� and pol� in
protection against UV cytotoxicity is due to their involvement in
DNA damage tolerance, not NER, consistent with their involve-
ment in TLS across the TT CPD in the gapped plasmid assay.

Protection Against UV Cytotoxicity Provided by pol� Occurs at CPD.
To examine whether pol� exerts its protective effect against
CPD, we used an XPA cell line expressing the Potorous tridactylus
CPD photolyase, which specifically repairs CPD by photoreac-
tivation. As shown in Fig. 3C, in the absence of photoreactiva-
tion, knocking-down POLH, POLK, or REV3L expression de-
creased cell viability upon UV irradiation, as in the parental XPA
cells (Fig. 3A). We then repeated the experiment, except that the
cells were photoreactivated by illumination with visible light
immediately after the UV irradiation (Fig. 3C), a treatment that
had eliminated 85% of the CPD (Fig. S4). Under such photo-
reactivation conditions, knocking-down POLH expression had
no effect on UV sensitivity, consistent with the action of pol� on
CPD (Fig. 3C). Similarly, knocking-down POLK expression had
no effect on UV sensitivity after photoreactivation, indicating
that the protection provided by pol� is indeed against CPD (Fig.
3C). In contrast, knocking-down REV3L expression still caused
a strong increase in UV sensitivity under the same photoreac-
tivation conditions, consistent with its role in TLS across 6–4 PP,
in addition to CPD.

Discussion
Given the critical role that mutations play in carcinogenesis, an
attractive model is that the high error frequency of TLS across
CPD in XPV patients is an important cause in their extreme
cancer predisposition. The results presented in this study suggest
that such a mutagenic bypass involves no less than 3 TLS
polymerases, which are needed to back-up the absence of pol�.
The epistasis siRNA analysis presented above suggests that pol�
has a critical role in TLS across a TT CPD, and that it cooperates
with pol� and pol�, which can back-up each other. This suggests
that in XPV cells CPD are bypassed via 2-polymerase mecha-
nisms. Based on the ability of purified pol� to inserts nucleotides
opposite a TT CPD (25), and the activity of the S. cerevisiae pol�

Fig. 2. UV sensitivity of XPV and normal cells pretreated with siRNA against TLS polymerases. (A) Outline of the experimental scheme. (B and C) XPV cells (B)
or normal MRC5 human cells (C) were transfected with siRNA, and UV irradiated after 48 h. For MRC5 cells, 1 mM caffeine was added immediately following
UV irradiation. Viability was determined 48 h after UV irradiation by measuring cellular ATP as described in Material and Methods.
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as a general mismatch extender (26), a plausible model is that
pol� or pol� perform insertion opposite the CPD, and pol�
performs the extension (Fig. 4). Although purified human pol�
was reported to have extender properties similar to those of the

yeast pol� (27), our in vivo results indicate that it was unable to
effectively bypass a CPD without the help of pol�. More complex
mechanisms are also possible. For example, pol� and perhaps
another polymerase may each perform the insertion step,
whereas extension, which is generally more difficult than mis-
insertion, may require both pol� and pol�, which is consistent
with their extender properties (Fig. 4). Alternatively, insertion
opposite the first and the second pyrimidines of a CPD may
involve different polymerases, including perhaps pol�. These last
2 possibilities reflect 3-polymerase mechanisms of TLS.

Recently, we showed that TLS across 2 additional DNA lesions
in human cells involves 2-polymerase mechanisms: cisplatin-GG,
a major intrastrand adduct formed in DNA by the chemother-
apeutic drug cisplatin, and benzo[a]pyrene-G, a major adduct
formed by tobacco smoke. TLS across these adducts involves
pol� or pol� cooperating with pol� in combinations that deter-
mine error-prone or error-free bypass (17). Taken together with
the results presented here, it appears that 2-polymerase mech-
anisms comprise an important TLS strategy, supporting the
original model proposed by the Prakash group (26). The impor-
tant role of pol� in this process is consistent with the situation in
S. cerevisiae (28), and with its essential role during mouse
embryonic development (5, 17). It is also consistent with the
increased UV sensitivity of normal, XPV and XPA cells in which
the expression of REV3L was knocked-down, as shown in this
study, and in other cell types in previous studies (15, 29–31).
There are also earlier studies, which reported no effect of REV3L
on UV sensitivity; this discrepancy might be due to differences
in cell lines and methodologies (e.g., antisense RNA versus
siRNA) (32–34).

Knocking-down the expression of POLI (confirmed at the
mRNA and protein levels; Fig. S1) had no effect on UV
sensitivity, which is different from several (but not all) previous

Fig. 3. UV sensitivity of XPA cells pretreated with siRNA against TLS polymerases. Cells were transfected with siRNA, and UV irradiated after 48 h at the indicated
doses. Viability was determined 48 h after UV irradiation by measuring cellular ATP (A) or 12 days after UV irradiation by measuring colony forming ability (B).
(C) XPA cells stably expressing CPD photolyase were UV irradiated at 3 Jm�2 and immediately illuminated with visible light to photoreactivate CPD lesions. Cell
viability was determined as in A. See Materials and Methods for details.
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Fig. 4. Model describing TLS across CPD in human cells. In human normal cells
pol� carries out efficient and relatively accurate TLS across CPD. In human XPV
cells, TLS across CPD is performed by a back-up system in 2-polymerase
reactions, in which pol� or pol� perform insertion opposite the CPD, whereas
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anism is also presented. See text for details.
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reports (13–15, 22). As far as mutagenesis is concerned, we saw
essentially no effect on mutagenic TLS across a TT CPD when
POLI was knocked-down. Previous studies reported conflicting
results of either decreased, altered or unchanged UV mutagen-
esis in cells deficient in pol� (13–15, 35). Like in the case of pol�,
this may reflect differences in methodologies or cell types.

The involvement of pol� in TLS across CPD was somewhat
surprising, because purified pol� was reported to be blocked by
TT CPD (21). Most likely accessory factors present in the cell
assist pol� in carrying out insertion opposite CPD. Such situa-
tions are not uncommon, e.g., the inability of the purified E. coli
polV to carry out TLS in vitro in the absence of RecA (36, 37).
Importantly, our data on the involvement of pol� in TLS may
explain, at least in part, the puzzling UV sensitivity exhibited by
mouse embryonic fibroblasts lacking pol� (38).

The study in ref. 23 reports that pol� functions in NER of UV
lesions in human cells. Clearly the protective effects of pol�
against UV cytotoxicity described above do not occur via NER,
because it was observed also in NER-deficient human XPA cells.
Thus, although our results do not exclude the possibility that
pol� may function in NER under certain conditions, it is clear
that its major protective effect against UV cytotoxicity is me-
diated via tolerance of DNA damage rather than NER, consis-
tent with the role of pol� in TLS across TT CPD as described
above.

The extents of mutagenic TLS decreased 4-fold when expres-
sion of POLK and POLI combined was knocked-down, and
7-fold when REV3L was knocked-down, indicating their involve-
ment in mutagenic TLS (Fig. 1C; Table S3). Interestingly, the
mutagenic signature under the various conditions was similar
(Table S2). This may be dictated by the structure of the CPD in
DNA, which maintains the base pairing region of the pyrimi-
dines, and causes only a minor distortion in DNA (39, 40).
Alternatively, because TLS under these conditions is very low
(Fig. 2), it may reflect residual TLS by the knocked-down
polymerases.

Although in the TLS gapped plasmid assay pol� and pol�
backed-up each other in TLS across a TT CPD, pol�, but not
pol�, was important for protecting the cells against UV cytotox-
icity. In considering this difference it should be noted that,
although the gapped plasmid assay specifically measures TLS,
the cell UV sensitivity assay involves both DNA damage toler-
ance, and cell death. It is thus possible that pol� but not pol� can
act at sites of potentially lethal CPD, such as in overlapping
postreplication daughter gaps, or near double-strand breaks (41,
42), where a deficiency in tolerance may cause cell death. In
addition, pol� may be involved in DNA damage tolerance via
homology-dependent repair (homologous recombination or
template switch recombination), mechanisms known to operate
in E. coli and S. cerevisiae, but poorly understood in mammalian
cells (1). In this context, it is noteworthy that pol� was reported
to be involved also in homologous recombination (43, 44), and

that pol� from T. cruzi can perform DNA synthesis in a
recombination intermediate (42).

The UV hypermutability of cells from XPV patients is believed
to play a major role in their extremely high predisposition to
sunlight-induced skin cancer (1). The results presented here
show that backup TLS DNA polymerases protect XPV cells
against UV cytotoxicity, but at the cost of increased mutagenesis
due to error-prone TLS across CPD, representing an extreme
example of benefit-risk balance in responses to DNA damage in
human cells.

Materials and Methods
Cell Cultures. SV40-transformed normal (MRC5), XPA (XP12RO), and XPV
(XP30RO) human fibroblasts were gifts from A. R. Lehmann (University of
Sussex, Brighton, U.K.). Cells were cultured in MEM Eagle (Sigma) supple-
mented with 2 mM l-glutamine (GIBCO/BRL), 100 units/mL of penicillin, 100
�g/mL of streptomycin (Biological Industries), and 15% FBS (HyClone). SV40-
transformed XPA human fibroblasts (XP12RO) stably expressing a CPD pho-
tolyase gene (CPDphr) derived from the rat kangaroo P. tridactylis are de-
scribed in ref. 24. Cells were cultured in DMEM (GIBCO/BRL) supplemented
with 100 units/mL of penicillin, 100 �g/mL of streptomycin, and 10% FBS. The
cells were incubated at 37 °C in a 5% CO2 atmosphere, and periodically
examined for Mycoplasma contaminations by EZ-PCR test kit (Biological In-
dustries).

Knocking Down the Expression of TLS DNA Polymerase Genes. The expression
of specific DNA polymerase genes in normal, XPV, or XPA cells was knocked-
down by transfection with polymerase-specific siRNAs. The extent of knock-
down was estimated by RT-PCR using polymerase-specific probes, and by
immunoblot analysis for pol� and pol�, for which good antibodies are avail-
able. The experimental details are described in SI Materials and Methods.

Construction of Gapped DNA Substrates. DNA oligonucleotides without a
lesion were supplied by Sigma-Genosys. The construction of the control
gapped plasmid is described in ref. 45. A gapped plasmid with a site-specific
TT CPD in the sequence context: 5�-GCAAGTTGGAG-3� (the CPD is underlined)
was constructed as described in ref. 19.

TLS Assay in Cultured Human Cells. The TLS assay is described in refs. 8, 16, and
19. The details of the experiments performed in the current study are pre-
sented in SI Materials and Methods.

UV Sensitivity and Photoreactivation Assays. Viability of UV-irradiated cells was
determined using the CellTiter-Glo luminescent cell viability assay (Promega),
measuring the amount of cellular ATP present, which signals the presence of
metabolically active cells. Cell viability was determined also by incorporation
of 5-bromo-2-deoxyuridine (BrdU), and by colony forming ability. The proto-
cols for these assays, and the photoreactivation of XPA cells stably expressing
CPD photolyase, are described in SI Materials and Methods.
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