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a b s t r a c t

The autosomal recessive disorder Xeroderma pigmentosum-variant (XPV) is characterized (i) at the cellu-
lar level by dramatic hypermutability and defective recovery of DNA synthesis following UV exposure,
and (ii) clinically by abnormal sunlight sensitivity and remarkable predisposition to skin cancer. These
phenotypes are clearly attributable to germline mutations in POLH, encoding DNA polymerase eta (pol�)
normally required for accurate translesion DNA synthesis (TLS) past UV-induced cyclobutane pyrimidine
dimers. Here we demonstrate that patient-derived XPV-skin fibroblasts exposed to 15 J/m2 of UV also
exhibit (in addition to abnormal TLS) a significant defect in global-genomic nucleotide excision repair
(GG-NER) exclusively during S phase. This cell cycle-specific GG-NER defect can be complemented by
ectopic expression of wild-type pol�, but not of pol� variants deficient in either nuclear relocalization
or PCNA interaction. We highlight a previous study from our laboratory demonstrating that UV-exposed,
ATR-deficient Seckel syndrome fibroblasts, like XPV fibroblasts, manifest strong attenuation of GG-NER
uniquely in S phase populations. We now present further evidence suggesting that deficient S phase
repair can be rescued in both XPV- and Seckel syndrome-cells if the formation of blocked replication
forks post-UV is either prevented or substantially reduced, i.e., following, respectively, pharmacological

2
inhibition of DNA synthesis prior to UV irradiation, or exposure to a relatively low UV dose (5 J/m ). Our
findings in cultured cells permit speculation that abrogation of GG-NER during S phase might partially
contribute (in a synergistic manner with defective, atypically error-prone TLS) to the extreme state of
UV-hypermutability leading to accelerated skin cancer development in XPV patients. Moreover, based on
the overall data, we postulate that loss of either functional pol� or -ATR engenders abnormal persistence

s at
.

of stalled replication fork
trigger GG-NER inhibition

. Introduction

Within the repertoire of human DNA repair pathways,
ucleotide excision repair (NER) alone retains the capacity to
emove “bulky DNA adducts” induced by a multitude of envi-
Please cite this article in press as: Y. Auclair, et al., Requirement for functio
damage during S phase, DNA Repair (2010), doi:10.1016/j.dnarep.2010.03.

onmental mutagens and certain chemotherapeutic drugs. These
dducts exhibit great structural diversity, but share in common the
bility to distort the DNA helix and to strongly block both DNA
eplication and transcription. UV-induced cyclobutane pyrimidine

Abbreviations: 6-4PP, (6-4) pyrimidine–pyrimidone photoproduct; ATR, ataxia
elangiectasia and rad 3-related kinase; CPD, cyclobutane pyrimidine dimer; GG-
ER, global-genomic nucleotide excision repair; NER, nucleotide excision repair;
ol�, DNA polymerase eta; TLS, translesion DNA synthesis; XP, Xeroderma pigmen-
osum; XPV, Xeroderma pigmentosum-variant.
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UV-adducted sites in DNA which, in turn, can actively and/or passively

© 2010 Elsevier B.V. All rights reserved.

dimers (CPDs) and 6-4 pyrimidine–pyrimidone photoproducts (6-
4PPs) have been extensively employed as model bulky DNA adducts
to probe the function and regulation of NER [1]. This repair path-
way faithfully restores the integrity of UV-damaged DNA through
sequential steps of (i) DNA lesion recognition, (ii) unwinding of the
DNA duplex around the damaged site, (iii) endonucleolytic incision
within a number of bases on either side of the lesion, (iv) excision
of the resulting (single-stranded) damaged DNA segment, creating
a ∼30 bp gap and, finally, (v) filling in and sealing of the gap (DNA
repair synthesis), using the undamaged complementary strand as
template in conjunction with various DNA polymerases/ligases.
Two distinct NER subpathways have been characterized which dif-
fer only in the manner of lesion recognition: global-genomic NER
(GG-NER) and transcription-coupled NER, operating at damaged
sites anywhere within the genome and exclusively along the tran-
nal DNA polymerase eta in genome-wide repair of UV-induced DNA
013

scribed strand of active genes, respectively [2,3].
Individuals afflicted with “classical” Xeroderma pigmentosum

(XP) harbour germline mutations in any among seven NER pathway
genes, and as a result exhibit defective removal of solar UV-induced
DNA photoproducts [4] leading to extreme photosensitivity and

dx.doi.org/10.1016/j.dnarep.2010.03.013
http://www.sciencedirect.com/science/journal/15687864
http://www.elsevier.com/locate/dnarepair
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emarkably high rates of skin cancer [5]. Patients designated Xero-
erma pigmentosum-variant (XPV) are clinically indistinguishable
rom classical XP counterparts; however strong evidence emerged
arly on that cells derived from the former carry out normal levels
f DNA repair synthesis post-UV [6–8]. With only two exceptions
o our knowledge [9,10] this was fully supported by subsequent
eports [11–13], and in any case to the present day XPV cells are
onsidered to be completely NER proficient. It has also been shown
hat XPV cells are characterized by (i) moderately increased UV-
nduced cytotoxicity but dramatically enhanced mutagenicity [14],
nd (ii) a significant delay in the time required to resume DNA
ynthesis post-UV [15]. Consistent with the above it was eventu-
lly revealed that XPV patients carry germline mutations in POLH,
ncoding DNA polymerase � (pol�) [16]. Pol� belongs to the Y-
amily of specialized translesion DNA synthesis (TLS) polymerases
also including pol�, pol�, and REV1), which collectively are able to
eplicate past a variety of helix-distorting DNA lesions that oth-
rwise block the progression of normal replicative polymerases
17]. Following UV treatment pol� specifically becomes activated
o bypass highly promutagenic CPDs, which is fortunate given its
tatus as the only Y-family member capable of accomplishing this
ask with high fidelity [18,19].

As mentioned above, clear evidence has been presented
emonstrating that XPV cells are NER proficient. Nonetheless we
mphasize that, for technical reasons, a vast majority of previ-
us studies which directly monitored the kinetics of UV DNA
hotoproduct removal was performed under conditions where
eplicating (S phase) cells are essentially eliminated from the anal-
sis. In view of this, the primary aim of the current investigation
as to compare the NER status of patient-derived XPV-skin fibrob-

asts vs. wild-type counterparts during each individual phase of the
ell cycle. For this purpose we exploited a flow cytometry-based
mmunoassay, recently developed and validated in our laboratory,

hich permits quantification of GG-NER kinetics as a function of
ell cycle [20]. We report here (i) that primary XPV-skin fibroblasts
rradiated with UV exhibit profound deficiency in GG-NER dur-
ng S phase, whereas repair during either G0/G1 or G2/M remains
naffected (GG-NER occurring in S phase is hereafter denoted S
hase Repair; SPR), and (ii) that this cell cycle-specific repair defect
s attributable to loss of functional pol�. Of note we previously
emonstrated that Seckel syndrome fibroblasts irradiated with UV
lso exhibit a significant reduction in SPR efficiency, specifically
ue to genetic abrogation of ATR kinase signaling [20]. We further
eveal here that normal SPR can be restored in either XPV- or Seckel
yndrome-cells by abolishing or substantially reducing the inci-
ence of stalled replication forks at UV-adducted sites in DNA. Our
Please cite this article in press as: Y. Auclair, et al., Requirement for functio
damage during S phase, DNA Repair (2010), doi:10.1016/j.dnarep.2010.03.

ndings may potentially provide some novel insight into the molec-
lar underpinnings of XPV-associated UV-hypermutability leading
o skin cancer development. The overall data in XPV- and Seckel
yndrome-cells suggest that GG-NER can be actively and/or pas-
ively inhibited under conditions of particularly severe UV-induced

able 1
rimer pairs used for cloning pol�-wt and -�Ct cDNA in phase into pEGFP-N1 and for sit

cDNA Primers Restriction

pol�-wt
Forward XhoI
Reverse EcoRI

pol�-�Ct
Forward XhoI
Reverse EcoRI

Mutant Point mutations Mutagenic

pol�-PIP1/2

F443A; L444A (PIP1 mut) Forward
Reverse

F707A; F708A (PIP2 mut) Forward
Reverse

a Mutated sites in bold.
 PRESS
r xxx (2010) xxx–xxx

replicative stress, possibly resulting in enhanced cellular survival
at the cost of greatly increased mutagenesis (see Section 4).

2. Materials and methods

2.1. Cell culture

Wild-type primary skin fibroblasts (GM01652B) and three
patient-derived XPV primary skin fibroblast strains (XP115LO,
XP30RO, and XP5MA) were obtained from the Coriell Insti-
tute. The SV40-transformed XPV-skin fibroblast strain XP30ROsv,
and its isogenic derivative ectopically expressing wild-type pol�
(XP30ROsv-pol�/cl6), were kindly provided by Dr. A.R. Lehmann
(University of Sussex). Primary LL lung fibroblasts were a gift of
Dr. J. Sedivy (Brown University). The hTERT-immortalized Seckel
syndrome skin fibroblast strain F02-98 and the closely related
wild-type counterpart 1BR were obtained from Dr. P. Jeggo (Uni-
versity of Sussex). All primary strains were cultured in Eagle’s
MEM supplemented with 15% foetal bovine serum, l-glutamine,
and antibiotics (Wisent, Montreal, Canada). SV40-transformed and
hTERT-immortalized cells were grown in Dulbecco’s MEM supple-
mented as above.

2.2. Construction and ectopic expression of EGFP-tagged pol�
variants

TrizolTM-extracted total RNA from primary GM01652B skin
fibroblasts was employed to synthesize a cDNA encoding full-
length wild-type (wt) pol� by RT-PCR using primer pairs XPV1
(ATGGCTACTGGACAGGATCGAGT) and XPV2 (GGCAGCACTAATGT-
GTTAATG GCTT). The wt cDNA was then subcloned into the
pGemT-Easy vector (Promega), which in turn was used as sub-
strate to amplify the pol�-wt and pol�-�Ct cDNAs via PCR using pfu
DNA polymerase (Stratagene) and primer pairs containing XhoI and
EcoRI restriction sites (Table 1). These PCR products were cloned,
in phase with EGFP at the C-terminal end of pol�, into the expres-
sion vector pEGFP-N1 (Clonetech). The EGFP-tagged pol� mutant,
termed here pol�-PIP1/2, was obtained by site-directed mutagene-
sis as described [21] using pol�-wt-pEGFP-N1 in conjunction with
appropriate mutagenic primer pairs (Table 1). The DNA sequences
of all EGFP-pol� fusion vectors were verified by automated dideoxy
sequencing (Core Sequencing Facility, University of Montreal).

XP30ROsv cell populations stably expressing each of the EGFP-
pol� fusion vectors were derived by transfection in the presence
of Lipofectamine 2000TM (Invitrogen), followed by selection using
200 �g/ml G418 (Wisent, Montreal, Canada). Enrichment for EGFP-
nal DNA polymerase eta in genome-wide repair of UV-induced DNA
013

expressing cells was then performed by fluorescence-activated cell
sorting (FACSVantage SE DiVa option equipped with a 70 �m nozzle
at 25PSI; Becton-Dickinson). Briefly cells were sorted based on EGFP
autofluorescence level, cultured for seven days, re-sorted, and then
cultured again for an additional week. Prior to experimentation

e-directed mutagenesis.

sites Sequence (5′ → 3′)

GGACCGCTCGAGATGGCTACTGGACAGGAT
CTTTTCCTTGAATTCGATGTGTTAATGG

GGACCGCTCGAGATGGCTACTGGACAGGAT
CTTTTCCTTGAATTCGTACCAGGGAGCCACACTT

primers Sequence (5′ → 3′)a

TCTACAGACATCACCAGCGCCGCGAGCAGTGACCCAAGTTC
GAACTTGGGTCACTGCTCGCGGCGCTGGTGATGTCTGTAGA
CAAACATTGGAATCAGCTGCTAAGCCATTAACACATTAG
CTAATGTGTTAATGGCTTAGCAGCTGATTCCAATGTTTG

dx.doi.org/10.1016/j.dnarep.2010.03.013
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i) EGFP autofluorescence was verified by flow cytometry and (ii)
xpression of each EGFP-pol� fusion protein evaluated by immuno-
recipitation and Western blotting using the primary polyclonal-
nd monoclonal-anti-POLH antibodies H-300 and B7, respectively
Santa Cruz).

.3. UV irradiation

Cell monolayers were washed thoroughly with phosphate-
uffered saline (PBS) and covered with 2 ml of PBS, followed by
xposure to 254-nm UV using a Philips G25T8 germicidal lamp.
he UV fluence was 0.2 J/m2/s as measured with a DRC100X digital
adiometer equipped with DIX254 sensor (Spectroline Corpora-
ion).

.4. Protein detection by Western blotting

Pol� was detected by immunoprecipitation and Western blot-
ing as described [22,23]. The supernatant was stored at −80 ◦C
nd used in conjunction with anti-actin antibody to verify that
qual total protein had been employed for the immunoprecipita-
ion (loading 5% of total input).

To evaluate siRNA knockdown of pol� in primary LL lung fibrob-
asts, chromatin-bound protein was detected using a protocol that
nitially removes soluble polypeptides by extraction in cytoskele-
on buffer (CSK; 10 mM Pipes (pH 6.8), 300 mM sucrose, 100 mM
aCl, 3 mM MgCl2, 1 mM EGTA, 20 mM vanadyl ribonucleoside
omplex, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride). Specif-
cally, 1 × 106 cells were lysed with 0.5% Triton-X-100/CSK for
5 min on ice and centrifuged. The pellets were incubated with
.5% Triton-X-100/CSK buffer for an additional 15 min, centrifuged,
nd resuspended in 30 �l 1× Laemmli buffer for Western blotting.
ol� was detected using anti-POLH polyclonal antibody (H-300;
anta Cruz, 1:1000 dilution). As loading control, the membrane was
tripped and re-hybridized with anti-PCNA antibody (PC-10, Santa
ruz).

.5. Localization of ectopically expressed pol�-EGFP fusion
roteins in XP30ROsv cells

Cells were grown for 24 h on glass coverslips in 35-mm cul-
ure dishes, fixed with 3.7% paraformaldehyde for 20 min at room
emperature, followed by thorough washing with PBS. Cells were

ounted with ProLongTM Gold antifade reagent containing DAPI
ounterstain (Molecular Probes–Invitrogen). Stained cells were
hen photographed and analyzed using an inverted fluorescence
eiss Axio Observer A1 microscope equipped with QICAM FAST
394 camera (QImaging, Canada) and Northern Eclipse software
Empix Imaging Canada).

.6. Live cell imaging of pol� nuclear foci

XP30ROsv cells (6 × 104) expressing either EGFP-pol�-wt or
GFP-pol�-PIP1/2 were seeded on 35-mm glass-bottom dishes and
ultured for 24 h in Opti-MEM medium (Invitrogen) supplemented
ith 10% FBS and antibiotics. Live cells were irradiated, or mock-

rradiated, with 15 J/m2 of UV and analyzed using a fluorescence
icroscope (IX71 Olympus, Japan) with a 100 × 1.45NA oil immer-

ion objective. The images were acquired with a Retiga 2000R CCD
QImaging, Canada). The microscope was equipped with a MAX201
Please cite this article in press as: Y. Auclair, et al., Requirement for functio
damage during S phase, DNA Repair (2010), doi:10.1016/j.dnarep.2010.03.

otorized stage (Thorlabs, NJ), and both the stage and camera
ere controlled by a custom program written in Labview (National

nstrument, TX) to acquire 100 (10 × 10) contiguous images cover-
ng a 1.18 mm × 0.88 mm region with submicron resolution. The
ame region was imaged before, and 1.5 h after, UV irradiation.
 PRESS
r xxx (2010) xxx–xxx 3

Nuclear foci were detected and quantified using an automatic cus-
tom image analysis program written in MatLab (Mathworks, MA).
To perform this quantification, an intensity threshold was first
established using the method of Otsu [24]. Foreground pixels were
used as masks to specifically select nuclei. A two-dimensional fil-
ter using Gaussian kernel was applied to detect only elements of
a certain size (approximately 0.5 �m) and foci were identified as
local maxima. At least 50 cell pairs were analyzed in the case of
each EGFP-pol�-expressing XP30ROsv strain.

2.7. siRNA-mediated depletion of pol�

Cells (2 × 105) were seeded on 35 mm dishes in complete
growth medium without antibiotics. After 24 h, each culture was
transfected with siRNAs targeting human pol� (sc-36289), or
nontargeting control siRNAs (sc-37007) (Santa Cruz), employing
Lipofectamine 2000 according to the manufacturer’s directions
(Invitrogen). Cells were used for experiments at 2 days post-
transfection after verifying pol� knockdown by Western blotting.

2.8. Treatment with DNA synthesis inhibitors

Cells were cultured for 2 h in fresh complete medium contain-
ing either 15 �g/ml aphidicolin (Sigma) or 10 mM hydroxyurea
(Sigma). The medium was then removed, and cells thoroughly
washed with PBS followed by UV irradiation in PBS. Fresh complete
medium without inhibitor was added for post-UV incubations.

2.9. Clonogenic survival

Exponentially growing cultures on 100-mm dishes were irra-
diated with 0, 7.5, or 15 J/m2 of UV, and immediately trypsinized
for plating of appropriate cell numbers on 100-mm dishes in fresh
complete medium. Following 15 days incubation, colonies were
stained with 0.5% methylene blue (w/v) in 50% methanol (v/v).
Survival is expressed as a percentage relative to mock-irradiated
cells.

2.10. Determination of GG-NER kinetics as a function of cell cycle

The removal of 6-4PPs in each phase of the cell cycle was mon-
itored over a 6 h period as previously described [20] with the
following exception. In the case of XP30ROsv cells stably expressing
EGFP-pol� fusion proteins, since EGFP autofluorescence interferes
with the FITC signal, Alexa-Fluor700-conjugated goat anti-mouse
antibody (Molecular Probes–Invitrogen, dilution 1:400) was used
as secondary antibody in place of FITC-conjugated rabbit anti-
mouse antibody. The acquisition was performed using an LSRII
flow-cytometer (Becton-Dickinson) equipped with argon (blue,
488 nm)- and helium–neon (red, 633 nm)-lasers.

For cell cycle-specific evaluation of CPD repair kinetics up to
24 h, to control for cellular proliferation during post-UV incuba-
tions, a triple-labeling approach employing BrdU in conjunction
with PI and anti-CPD antibody was optimized. Monolayers at 50%
confluence were irradiated with either 5 or 15 J/m2 of UV. For
time zero (0 h) cells were pulsed for 30 min with 30 �M of BrdU,
irradiated, and then immediately harvested. For later time points,
to avoid potential artefacts associated with BrdU photolysis, cells
were pulsed for 30 min immediately following irradiation, rinsed
with PBS, and re-fed with fresh medium for the remaining incuba-
tion period. At the various time points, monolayers were washed
nal DNA polymerase eta in genome-wide repair of UV-induced DNA
013

with PBS, trypsinized, resuspended in 1 ml of PBS, and fixed by
addition of 3 ml of ice-cold 100% ethanol. Fixed cells (5 × 105) were
pelleted, washed with PBS, and incubated for 20 min at 22 ◦C with
0.5% Triton-X-100 in 2N HCl followed by centrifugation and resus-
pension in 0.1 M Na2B4O7 pH 9 for 20 min. Cells were washed

dx.doi.org/10.1016/j.dnarep.2010.03.013
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ith PBS, resuspended in 300 �l of RNAse solution (100 �g/ml
n PBS), incubated for 1 h, and washed with 1 ml of PBS-TB (1%
SA/0.25% Tween-20/PBS). Cells were then centrifuged and resus-
ended in 300 �l of PBS-TB containing anti-CPD antibody (Kamiya
iomedical Company; 1:1000 dilution), incubated for 1.5 h at 22 ◦C,
ashed twice with PBS-TB, and incubated with FITC-conjugated

abbit anti-mouse secondary antibody (Sigma; 1:200) in 300 �l
BS-TB at 22 ◦C for 1 h in the dark. Cells were rinsed once with PBS-
B and incubated for 15 min with IgG isotype control (Invitrogen;
:100 dilution). After washing with PBS-TB, cells were incubated
ith an Alexa-Fluor647-conjugated anti-BrdU antibody (Molecular

robes–Invitrogen; 1:200 dilution) in PBS-TB for 1 h, rinsed with
BS-TB, centrifuged and resuspended in PBS containing 5 �g/ml
f PI, and finally analyzed using a FAVCSCaliber flow cytometer
Becton-Dickinson, USA). Fluorescence intensity of UV photoprod-
cts was obtained by gating the appropriate phase of the cell cycle
n a bivariate dot plot. Quantification of the change in geometric
ean fluorescence of the population over time indicates repair.

. Results
Please cite this article in press as: Y. Auclair, et al., Requirement for functio
damage during S phase, DNA Repair (2010), doi:10.1016/j.dnarep.2010.03.

.1. DNA repair status of XPV-skin fibroblasts revisited

The efficiency of 6-4PP removal as a function of cell cycle was
nitially quantified in four primary skin fibroblast strains: wild-type

ig. 1. SPR of 6-4PPs is defective in primary XPV-skin fibroblasts. (A) Detection of pol� in
lotting. (B) Relative clonogenic survival in UV-irradiated wild-type-skin vs. XPV-skin
raphical depiction of repair in wild-type-skin vs. XPV-skin fibroblasts irradiated with 15

wo-tailed paired t-test (S phase relative to G1). (D) Representative results illustrating c
istribution of 6-4PP (FITC) versus DNA content (PI) at 0 and 6 h post-UV, and in unirradia
hase of the cell cycle.
 PRESS
r xxx (2010) xxx–xxx

GM01652B vs. the XPV strains XP115LO, XP5MA, and XP30RO. The
latter three strains are reported to carry severe pol� truncations
and no detectable full-length protein, which was substantiated by
Western blotting (Fig. 1A). Moreover in line with previous observa-
tions [25], XPV fibroblast strains displayed moderately decreased
longterm clonogenic survival post-UV relative to the wild-type
counterpart (Fig. 1B). For DNA repair rate determinations, briefly,
replicate cultures were irradiated with 15 J/m2 of UV and incubated
for 0, 1.5, 3, or 6 h. Following harvesting, fixation, and permeabi-
lization, cells were incubated with fluorescently labeled anti-6-4PP
antibody and co-stained with propidium iodide (PI). Flow cytom-
etry was then used to analyze the extent of 6-4PP removal for
populations gated in each phase of the cell cycle, as graphically
depicted for all primary skin fibroblast strains (Fig. 1C). A repre-
sentative bivariate dot plot (Fig. 1D; upper panel) and histogram
overlay (Fig. 1D; lower panel) show raw data for XP115LO. It is well
established that 6-4PP repair in human fibroblasts is virtually com-
plete (80–100% removal) by 6–8 h post-UV [26]. In accord with this
(and as we previously observed [20]), wild-type GM01652B fibrob-
lasts exhibit >90% repair of 6-4PP during either G0/G1 or G2/M by
nal DNA polymerase eta in genome-wide repair of UV-induced DNA
013

6 h following UV treatment, and a very moderate but significant
slowdown during S (80% removal) (Fig. 1C). Strikingly, however,
each of the XPV strains XP115LO, XP5MA, and XP30RO is shown to
be significantly defective in 6-4PP removal during S, while display-
ing characteristically rapid repair kinetics during other phases.

XPV vs. wild-type primary skin fibroblasts by immunoprecipitation and Western
fibroblasts. Shown is the mean ± SEM from three independent experiments. (C)
J/m2 of UV. Shown is the mean ± SEM of four independent experiments. *p < 0.05;
ell cycle-specific 6-4PP repair in the XPV strain XP115LO. Upper panel; bivariate
ted cells (no UV); lower panel; histogram overlay showing repair of 6-4PPs in each

dx.doi.org/10.1016/j.dnarep.2010.03.013
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Fig. 2. SPR of CPDs is defective in primary XPV-skin fibroblasts. (A) Bivariate distribution of BrdU incorporation (Alexa 647) vs. DNA content (PI) in GM01652B vs. XP30RO
a cells i
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t 0 h vs. 24 h post-UV. The red dotted line and numerals indicate the percentage of
M01652B, XP30RO, and F02-98 cells irradiated with 15 J/m2 of UV. Shown is the m

elative to G1).

The initial induction level of CPDs post-UV is 3–5 times higher
han 6-4PPs; moreover the former adduct is excised with much
lower kinetics, i.e., only 30–40% CPD removal by 24 h post-UV,
ompared with the relatively very rapid 6-4PP repair rate as dis-
ussed immediately above. For these and other reasons, CPDs as
pposed to 6-4PPs have been considered the preeminent cause of
unlight-induced mutations leading to skin cancer development
27]; thus any defect in CPD repair per se could conceivably repre-
ent an important factor in XPV pathogenesis. Moreover efficient
emoval of either CPDs or 6-4PPs can vary according to genetic
ackground, e.g., reduced GG-NER of CPDs but not of 6-4PPs in cells

acking a functional p53 tumour suppressor [28], or in XPE fibrob-
asts characterized by deficiency in the GG-NER lesion recognition
rotein DDB2 [29]. Finally we were interested to probe whether
efective SPR in XPV cells could persist for as long as 24 h post-UV.
he above considerations highlighted the importance of confirm-
ng whether SPR of CPDs, in addition to 6-4PPs, is defective in XPV
ells.

However quantification of CPDs as a function of cell cycle,
elative to the situation for 6-4PPs, poses a distinct technical chal-
enge. Indeed the precision of our cell cycle-specific GG-NER assay
epends upon the ability to tightly control for movement of cells
etween various growth phases during post-UV incubations. It is
ell established that UV-exposed cultured cells exhibit a transient
eriod of growth arrest and inhibition of DNA synthesis, the length
f which depends upon dose as well as cellular capacity to remove
eplication-blocking UV DNA photoproducts [30,31]. Consistent
ith this we have observed that all strains used herein exhibit com-
lete arrest of cell cycle progression for at least 6 h post-irradiation
ith 15 J/m2 of UV but, to varying extents, resume proliferating

hereafter. For our studies on 6-4PP repair, this timeline has been
avourably exploited. Indeed since removal of this photoproduct is
ormally complete by 6–8 h post-UV, repair kinetics can be conve-
iently evaluated in each of G0/G1, S, and G2/M by simple gating of
I-stained populations (as we have done here and in the past (20)).
owever in order to monitor GG-NER of CPDs as a function of cell
ycle over a 24 h period, it is necessary to further carefully control
or cellular proliferation during post-UV incubations. We therefore
Please cite this article in press as: Y. Auclair, et al., Requirement for functio
damage during S phase, DNA Repair (2010), doi:10.1016/j.dnarep.2010.03.

odified our flow cytometry-based assay to include a third label,
.e., BrdU in addition to PI and anti-CPD antibody, thereby allowing
ositive tracking of cells which are in S phase at the time of irra-
iation. Fig. 2A displays a representative dot plot of BrdU staining
s function of DNA content at 0 and 24 h for wild-type GM01652B
n early- vs. late-S phase. (B) Graphical depiction of cell cycle-specific CPD repair in
SEM of three independent experiments. *p < 0.05; two-tailed paired t-test (S phase

fibroblasts vs. the XPV strain XP30RO. The vertical dashed red line
(delineating early- from late-S phase) and red numerals highlight
the degree of cell cycling within S phase over a 24 h period. Repair
analysis of the appropriate populations (i.e., gated as shown in
Fig. 2A) shows that CPD removal is significantly reduced uniquely
during S phase in either pol�-deficient XP30RO, or as previously
shown in ATR-deficient F02-98 [20], whereas normal repair during
all phases is observed in wild-type GM01652B (Fig. 2B). Our results
displayed thus far demonstrate that cultured primary XPV-skin
fibroblasts irradiated with 15 J/m2 of UV are defective in genome-
wide removal of both 6-4PPs and CPDs exclusively during S phase,
and that this defect persists up to at least 24 h post-UV.

3.2. Defective SPR in XPV cells is attributable to loss of functional
pol�

In order to test whether loss of functional pol� underlies
the observed SPR defect in XPV cells, we determined cell cycle-
specific kinetics of 6-4PP removal in SV40-transformed XP30R0sv
vs. the same strain wherein wild-type pol� had been ectopically
re-expressed (XP30R0sv-pol�/cl6) [32,33] (Fig. 3A). As expected
based on our results in primary XPV cells, pol�-deficient XP30R0sv
exhibits marked deficiency in 6-4PP repair uniquely during S phase;
however, of note, this defect is significantly rescued in XP30R0sv-
pol�/cl6 (Fig. 3B and C). Furthermore primary LL lung fibroblasts
were transfected with siRNAs targeting pol�, resulting in strong
knockdown of the protein (Fig. 3D). In full accord with the results
for XP30ROsv vs. XP30R0sv-pol�/cl6, pol�-depleted LL cells mani-
fest dramatic loss of SPR but normal repair during G0/G1 or G2/M,
whereas DNA photoproduct removal is unaffected during all phases
in counterparts expressing control scrambled siRNAs (Fig. 3E).

3.3. Proper-nuclear localization, -focus formation, and -PCNA
binding activity of pol� appear necessary for efficient SPR in
UV-exposed skin fibroblasts

Towards elucidating the functional basis of the requirement
for pol� in SPR, two previously characterized EGFP-tagged pol�
nal DNA polymerase eta in genome-wide repair of UV-induced DNA
013

domain variants were constructed: (i) EGFP-pol�-�Ct (initially
designated pol�-642n) [32], carrying a 70 amino acid C-terminal
truncation which eliminates the canonical nuclear localization sig-
nal NLS2 at positions 682–698, and (ii) EGFP-pol�-PIP1/2, mutated
in the two PCNA-interacting domains (PIP1 and PIP2) normally

dx.doi.org/10.1016/j.dnarep.2010.03.013
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Fig. 3. Defective SPR in XPV cells is attributable to loss of functional pol�. (A) Detection of pol� in XP30ROsv vs. XP30ROsv-pol�/cl6 by immunoprecipitation and Western
blotting. (B) Representative bivariate distributions of 6-4PP (FITC) vs. DNA content (PI) in XP30ROsv and XP30ROsv-pol�/cl6 irradiated with 15 J/m2 of UV. (C) Graphical
depiction of repair in XP30ROsv vs. XP30ROsv-pol�/cl6 irradiated with 15 J/m2 of UV. Shown is the mean ± SEM of three independent experiments. *p < 0.05; two-tailed
paired t-test (S phase relative to G1). **p < 0.05; two-tailed unpaired t-test comparing SPR in XP30ROsv-pol�/cl6 vs. XP30ROsv. (D) Detection of pol� in primary LL lung
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equired for accumulation at DNA replication foci, and for DNA syn-
hetic activity, of pol� [34]. Each of the above mutants, in addition to
ild-type pol� (EGFP-pol�-wt), was stably expressed in XP30ROsv

ells (Fig. 4A). In line with prior work [32], EGFP-pol�-�Ct exhibits
oth nuclear and cytoplasmic localization, as contrasted with the
rimarily nuclear localization of EGFP-pol�-wt (Fig. 4B). In addi-
ion EGFP-pol�-PIP1/2, although proficient in nuclear localization
Fig. 4B) as previously observed [34], is defective relative to EGFP-
ol�-wt in either spontaneous- or UV-induced pol� nuclear focus
ormation (Fig. 4C). Further analysis revealed that EGFP-pol�-wt,
hen ectopically expressed in XP30ROsv, restores SPR of 6-4PPs to
normal level as determined at 6 h post-UV (Fig. 4D, compare with
ig. 3C). In contrast, expression of either EGFP-pol�-�Ct or EGFP-
ol�-PIP1/2 in XP30ROsv failed to engender any improvement in
epair capacity. These data indicate that both proper subcellular
ocalization, focus formation, and PCNA binding activity of pol� are
equired to ensure the efficient removal of UV-induced damage in
eplicating cells.

.4. Abrogation of semiconservative DNA synthesis prior to UV
xposure rescues defective SPR in either XPV- or Seckel syndrome
broblasts
Please cite this article in press as: Y. Auclair, et al., Requirement for functio
damage during S phase, DNA Repair (2010), doi:10.1016/j.dnarep.2010.03.

ATR and pol� are well known to play central roles in maintaining
eplication fork stability in UV-exposed cells (see Section 4), and we
ave demonstrated herein and elsewhere [20] that both proteins
re required for repair of UV-induced DNA damage uniquely during
ical depiction of repair in LL fibroblasts irradiated with 15 J/m2 of UV. Shown is the
e relative to G1). **p < 0.05; two-tailed unpaired t-test comparing SPR in LL si-pol�

S phase. As such it is tempting to speculate upon a link between DNA
replication and GG-NER of replication-blocking DNA adducts. To
approach this possibility, we evaluated 6-4PP removal as a function
of cell cycle in XP30ROsv vs. XP30ROsv-pol�/cl6, each of which had
been treated or not prior to UV irradiation with either (i) 15 �g/ml
of aphidicolin, a powerful inhibitor of replicative DNA polymerases
[35], or (ii) 10 mM hydroxyurea (HU), which precludes semicon-
servative DNA synthesis via ribonucleotide reductase inhibition
and subsequent depletion of dNTP pools [36]. DNA replication
was profoundly reduced following treatment with either inhibitor
as determined by BrdU incorporation (Fig. 5A). In accord with
results shown in Fig. 3C, XP30ROsv exhibits abrogation of 6-4PP
removal uniquely during S phase as determined at 6 h post-UV;
however under conditions where DNA synthesis is inhibited by
either aphidicolin or HU pre-treatment, SPR capacity is significantly
restored (Fig. 5B). As expected, XP30ROsv-pol�/cl6 cells manifest
a much more moderate SPR defect relative to XP30ROsv (compare
with Fig. 3C) which, interestingly, also appears to be rescued by
pre-treatment with aphidicolin. We next evaluated the effects of
DNA synthesis inhibition on SPR of 6-4PP in ATR-deficient F02-
98 Seckel syndrome fibroblasts, compared with the closely related
wild-type strain 1BR. Incubation with aphidicolin prior to UV irra-
nal DNA polymerase eta in genome-wide repair of UV-induced DNA
013

diation markedly reduced DNA synthesis in both strains (Fig. 5C). As
fully anticipated based on our previous findings [20], F02-98 dis-
played profound deficiency in SPR as determined at 6 h post-UV;
moreover, mirroring the results for XP30ROsv, aphidicolin treat-
ment completely resolved this defect (Fig. 5D). The above data

dx.doi.org/10.1016/j.dnarep.2010.03.013
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Fig. 4. Analysis of XP30ROsv cells ectopically expressing EGFP-tagged pol� variants. (A) Stable expression of EGFP-pol� variants in XP30ROsv detected by immunopre-
cipitation and Western blotting. (B) Left panel, cellular localization of EGFP-pol� variants in XP30ROsv cells as determined by EGFP autofluorescence in fixed unirradiated
cells. Right panel: EGFP autofluorescence peaks in living XP30ROsv cells. (C) Quantification of EGFP-pol� foci in living XP30ROsv cells expressing either EGFP-pol�-PIP1/2 or
EGFP-pol�-wt. In each case, the same cells were imaged before (−) and 1.5 h after (+) irradiation with 15 J/m2 of UV. Shown on the left are representative nuclei and automated
focus counts (see Section 2). Histograms on the right show automated determinations of focus count distribution for the indicated number of cells. (D) Graphical depiction
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hree independent experiments. *p < 0.05; two-tailed paired t-test (S phase relative
xpressing EGFP-pol�-wt vs. empty vector (EGFP) or EGFP-pol� domain mutants.

ndicate that, under conditions where the formation of blocked
eplication forks at UV-damaged sites in DNA is prevented, defec-
ive SPR in both XPV- and Seckel syndrome-cells is significantly
escued.

.5. Defective SPR is not observed in XPV or Seckel syndrome
broblasts irradiated with a relatively low dose (5 J/m2) of UV

The above experiments were all performed on cells treated with
5 J/m2 of 254-nm UV. Doses within this range (i.e., 10–20 J/m2)
ave been extensively employed over the years to evaluate GG-NER
inetics in cultured human cells. However it should be empha-
ized that in general CPD repair rates can vary significantly with
ose, although the underlying reasons are not entirely clear [37].

n light of this, our triple-labeling approach was used to investigate
he extent to which defective SPR, as observed in XPV- and Seckel
yndrome-cells irradiated with 15 J/m2 of UV, might also occur at a
ower dose of 5 J/m2. A representative dot plot of BrdU staining as
function of DNA content at 0 and 24 h for wild-type GM01652B
Please cite this article in press as: Y. Auclair, et al., Requirement for functio
damage during S phase, DNA Repair (2010), doi:10.1016/j.dnarep.2010.03.

broblasts vs. the XPV strain XP30RO irradiated with 5 J/m2 of UV
s shown (Fig. 6A). It is apparent that GM01652B resumes prolif-
rating very rapidly at the lower dose such that it is not possible
nder our assay conditions to accurately measure CPD repair at any
oint after 12 h post-UV, or even to differentiate between G0/G1
cells expressing the indicated EGFP-pol�-variants. Shown is the mean ± SEM from
). **p < 0.05; two-tailed unpaired t-test comparing S phase repair in XP30ROsv cells

and G2/M cells. Indeed the gated populations in Fig. 6A, designated
“G1/G2”, actually represent a mixture of cells which were in either
G0/G1 or G2/M at the time of irradiation. On the other hand in the
case of both XPV- and Seckel syndrome fibroblasts recovery of DNA
synthesis post-UV is, as expected, considerably slower than wild-
type fibroblasts, rendering it possible to compare repair kinetics in
the former two strains up to 24 h post-UV during S vs. “G1/G2”. Rel-
ative to the situation for cells irradiated with 15 J/m2 of UV (Fig. 2),
following exposure to 5 J/m2 both XP30RO and F02-98 each exhibit
rates of CPD repair during S that are more comparable to those
during G1/G2 (Fig. 6B). The overall data suggest the existence of
a dose threshold for SPR inhibition in the case of either pol�- or
ATR-deficient cells. Furthermore it is possible that this threshold
may be determined by levels of replication stress, as such levels are
expected to be considerably lower in cells irradiated with 5 J/m2 vs.
15 J/m2 of UV.

4. Discussion
nal DNA polymerase eta in genome-wide repair of UV-induced DNA
013

Here we demonstrate that patient-derived XPV-skin fibroblasts
irradiated with 15 J/m2 of 254-nm UV are characterized by a sig-
nificant reduction in GG-NER efficiency uniquely during S phase
due to loss of functional pol�. Further evidence is presented sug-
gesting that this repair defect is rescued in either XPV- or Seckel

dx.doi.org/10.1016/j.dnarep.2010.03.013
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Fig. 5. Defective SPR in XPV fibroblasts is rescued by treatment with DNA synthesis inhibitors prior to UV exposure. (A) Upper panel: representative dot plot showing BrdU
incorporation in XP30ROsv cells pre-treated or not with aphidicolin. Lower panel: graphical depiction of percent DNA synthesis inhibition in XP30ROsv and XP30ROsv-
pol�/cl6 pre-treated or not with HU and/or aphidicolin. (B) Upper panel: representative dot plot showing 6-4PP repair as function of DNA content at 6 h post-UV (15 J/m2)
in XP30ROsv vs. XP30ROsv-pol�/cl6 cells pre-treated or not with aphidicolin. Lower panel: graphical depiction of 6-4PP repair as a function of cell cycle at 6 h post-UV in
XP30ROsv vs. XP30ROsv-pol�/cl6 pre-treated or not with aphidicolin or HU. (C) Graphical depiction of percent DNA synthesis inhibition in 1BR wild-type and F02-98 Seckel
syndrome skin fibroblasts pre-treated or not with aphidicolin, (D) Graphical depiction of 6-4PP repair at 6 h post-UV as a function of cell cycle in 1BR vs F02-98 pre-treated or
not with aphidicolin. Shown is the mean ± SEM of three independent experiments *p < 0.05; two-tailed paired t-test (S phase relative to G1). **p < 0.05; two-tailed unpaired
t-test comparing S phase repair in aphidicolin or HU treated vs. untreated (NT) cells.

Fig. 6. Normal SPR of CPDs in XPV- and Seckel syndrome-cells irradiated with 5 J/m2 of UV. (A) Bivariate distribution of BrdU incorporation (Alexa 647) vs. DNA content (PI)
in GM01652B vs. XP30RO at 0 h vs. 24 h following irradiation with 5 J/m2 of UV. (B) Graphical depictions of cell cycle-specific CPD repair in XP30RO and F02-98 cells treated
with 5 J/m2 of UV. G1/G2 denotes a mixture of cells that were in either G0/G1 or G2/M at the time of irradiation (see Section 3). Indeed, at 5 J/m2 of UV, G2/M cells divide
relatively rapidly and mix with cells initially in G1, and therefore cannot be analyzed separately. For GM01652B, at 5 J/m2, repair cannot be monitored at 24 h post-UV since
a proportion of cells in S phase at the time of irradiation (S′) have traversed G2 and undergone division. Shown is the mean ± SEM of three independent experiments.

dx.doi.org/10.1016/j.dnarep.2010.03.013
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yndrome-cells if the formation of blocked replication forks post-
V is either prevented or substantially reduced, i.e., following,

espectively, pharmacological inhibition of DNA synthesis prior to
V irradiation, or exposure to a relatively low UV dose (5 J/m2).
lthough wavelengths within the UV-C region (190–280 nm) are
astly attenuated at the surface of the earth by stratospheric ozone,
e note that 15 J/m2 of 254-nm UV has been shown to generate a

ield of DNA photoproducts comparable to that induced follow-
ng 1–2 h irradiation with natural sunlight [38,39]. As such it is
ossible that our results in cultured cells could harbour implica-
ions for XPV pathogenesis. As emphasized earlier, the extreme
V-hypermutability leading to skin cancer development in XPV
atients is clearly attributable to defective TLS. Specifically, in
he absence of pol�, XPV cells are able to recruit the activities
f pol� and pol� which (in cooperation with the B-family DNA
olymerase �) can efficiently bypass CPDs thereby promoting cell
urvival; however in doing so these “backup” polymerases, each
eing orders of magnitude more error-prone than pol� when
eplicating UV-damaged templates, generate excessive errors of
ucleotide incorporation [19]. Therefore in instances where XPV
atients would sustain high enough doses of natural sunlight (i.e.,
hich induce levels of DNA damage equivalent to or greater than

5 J/m2 of 254-nm UV), we speculate that defective SPR of highly
romutagenic CPDs may to some extent promote XPV-associated
ypermutability by acting synergistically with pol�/�-mediated
ighly error-prone TLS past these photoproducts. We further spec-
late, again in response to high enough doses of natural sunlight,
hat the incapacity to remove replication-blocking CPDs and 6-4PPs
uring S phase might partially contribute to the characteristic DNA
ynthesis defect in XPV. This contribution would be in addition to
he primary one provided by deficient pol�-mediated CPD bypass;
ndeed delayed replication restart has been observed in XPV cells
rradiated with doses as low as 2 J/m2 [40], where defective SPR is
ot expected to occur.

It should be noted that two previous studies (mentioned in
he Introduction) used a sensitive radioimmunoassay to probe
he possibility that GG-NER of 6-4PPs might be regulated as a
unction of cell cycle in XPV strains. Firstly EBV-transformed XPV
-lymphocytes (strain XPPHBE), synchronized by centrifugal elu-
riation and treated with 12 J/m2 of UV, displayed no differences
n repair efficiency during S phase relative to G0/G1 or G2/M [9].
he divergence here with our results may partially reflect the
urity of the S phase populations analyzed, i.e., 60% in the afore-
entioned study compared with essentially 100% in our case.

urthermore whereas it was later shown that XPPHBE bears a
rameshift mutation in one POLH allele, no sequence alterations
ere detected in the other allele which was also found to be

xpressed at only 20% the level of the mutated counterpart [41].
hus XPPHBE may express some wild-type pol� which could sig-
ificantly enhance SPR. Secondly, another major investigation on
PV-skin fibroblasts irradiated with 6 J/m2 of UV also failed to
bserve any cell cycle-specific differences in GG-NER efficiency
13]. This discrepancy may be readily reconciled by our finding here
hat defective SPR in XPV cells is clearly observed at 15 J/m2 of UV,
ut is considerably less pronounced at lower doses in the range of
J/m2.

It is becoming increasingly apparent that various Y-family poly-
erases can mediate cellular processes other than TLS [42,43]. Of

articular interest here it was unexpectedly shown that pol�-null
urine embryonic fibroblasts are defective in the DNA repair syn-

hesis step of NER (although not in an S phase-specific manner)
Please cite this article in press as: Y. Auclair, et al., Requirement for functio
damage during S phase, DNA Repair (2010), doi:10.1016/j.dnarep.2010.03.

44]. While a similar role for pol� in DNA repair synthesis during
phase cannot be categorically ruled out, we are nonetheless con-
dent that loss of SPR capacity in XPV fibroblasts is attributable
o a defect in some step of GG-NER which precedes gapfilling
i.e., in lesion recognition or -incision/excision). Indeed our flow
 PRESS
r xxx (2010) xxx–xxx 9

cytometry-based repair assay specifically measures the complete
removal (excision) of UV DNA photoproducts, and would not com-
petently reveal defects in DNA repair synthesis per se, i.e., assuming
that this latter step is carried out largely or entirely post-excision
as has been proposed [45–47].

How then might loss of functional pol� engender virtually
complete loss of SPR, while exerting no effect on repair during
G0/G1 or G2/M? We recently reported that ATR-deficient Seckel
syndrome fibroblasts, like XPV fibroblasts, exhibit a significant S
phase-specific GG-NER defect [20]. Following UV exposure, ATR
rapidly phosphorylates a multitude of substrates that together sta-
bilize stalled replication forks and facilitate DNA synthesis restart
[48]. As such deficiency in ATR signaling causes abnormal persis-
tence and eventual collapse of blocked replication forks, leading
to induction of highly genotoxic DSBs at sites of UV-damage [49].
Moreover enhanced H2AX phosphorylation has been noted in XPV
vs. normal cells post-UV, indicating that the former also suffer a
relative increase in DSB formation at collapsed replication forks
[50,51]. Finally our results in either XPV- or Seckel syndrome-cells
treated with DNA synthesis inhibitors or low dose UV suggest that
defective SPR can be fully rescued by precluding, or substantially
reducing below some threshold, the formation of blocked replica-
tion forks at UV-adducted sites in DNA.

Considering the above commonalities between XPV- and Seckel
syndrome-cells we speculate that, in general, attenuation of GG-
NER may actually serve to promote cellular survival specifically
in S phase populations undergoing excessive replication stress.
We emphasize that such a mechanism may not depend upon any
direct enzymatic role in GG-NER for either ATR or pol�, but rather
solely upon the ability of these proteins to mitigate replication
stress which in turn positively influences repair. Precisely how this
occurs remains to be established. It should be noted that higher
levels of replication stress engender corresponding increases in
large tracts of single-strand DNA due to functional uncoupling of
DNA synthetic enzymes at stalled replication forks; furthermore
replication protein-A (RP-A) avidly binds to such tracts, an event
that is required for activation of ATR signaling [52]. It is there-
fore conceivable and consistent with our data that, once levels
of replication stress reach a particular threshold, RP-A becomes
effectively sequestered. This may abrogate removal of UV-induced
DNA damage in the genome overall (exclusively in replicating
cells), as sufficient levels of free RP-A are required to carry out the
pre-incision and gapfilling steps of GG-NER [53]. This hypotheti-
cal model has received some experimental support in the case of
yeast during meiosis, where the existence of excess single-stranded
DNA appears to reduce the efficiency of double-strand-break repair
through RP-A sequestration [54]. Further support is provided by
the very recent demonstration that XPV cells are subject to ele-
vated levels of fork stalling that correlates with the generation
of extensive ssDNA regions (which are ostensibly bound by RP-A)
[55]. Finally we note that in addition to the above passive mecha-
nism based on RP-A sequestration, considering the status of stalled
replication forks per se as powerful signals for initiating various
mechanisms of self-stabilization, we speculate that genome-wide
inhibition of GG-NER during S phase might somehow be actively
regulated.

Whatever the precise mechanistic underpinnings, a significant
reduction in “unwanted” NER-mediated DNA incisions under con-
ditions of excessive replication stress may actually serve to promote
cellular survival by forestalling the “conversion” of numerous CPDs
and 6-4PPs located at persistently stalled replication forks into
nal DNA polymerase eta in genome-wide repair of UV-induced DNA
013

considerably more lethal DSBs [56]. In the case of XPV cells, such
a reduction of DSB formation may be needed to facilitate alter-
native pathways, e.g., error-free template switching [57], and/or
error-prone bypass using backup TLS polymerases [19], designed
to resolve blocked replication forks and stimulate the resumption

dx.doi.org/10.1016/j.dnarep.2010.03.013
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f DNA synthesis as rapidly as possible. However, while ablation
f SPR in XPV patients might be considered potentially “benefi-
ial” at the cellular level by increasing survival, the accompanying
ffect at the organismal level, i.e., remarkably elevated levels of
unlight-induced mutation and cancer, is of course disastrous.
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