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Xeroderma pigmentosum (XP) C is involved in the recogni-

tion of a variety of bulky DNA-distorting lesions in nucleotide

excision repair. Here, we show that XPC plays an unexpected

and multifaceted role in cell protection from oxidative DNA

damage. XP-C primary keratinocytes and fibroblasts are

hypersensitive to the killing effects of DNA-oxidizing agents

and this effect is reverted by expression of wild-type XPC.

Upon oxidant exposure, XP-C primary keratinocytes and

fibroblasts accumulate 8,50-cyclopurine 20-deoxynucleosides

in their DNA, indicating that XPC is involved in their

removal. In the absence of XPC, a decrease in the repair

rate of 8-hydroxyguanine (8-OH-Gua) is also observed. We

demonstrate that XPC–HR23B complex acts as cofactor in

base excision repair of 8-OH-Gua, by stimulating the activity

of its specific DNA glycosylase OGG1. In vitro experiments

suggest that the mechanism involved is a combination of

increased loading and turnover of OGG1 by XPC-HR23B

complex. The accumulation of endogenous oxidative DNA

damage might contribute to increased skin cancer risk and

account for internal cancers reported for XP-C patients.
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Introduction

Different types of damage require different repair mechan-

isms but several lines of evidence indicate that functional

overlap between pathways occurs frequently to guarantee

genomic stability. An example is the repair of oxidative DNA

damage, which is a ubiquitous type of damage. Oxidative

stress from ionizing radiations (IR) and oxidants, and normal

cellular metabolism cause oxidative damage to bases and

sugar-phosphates, as well as single- and double-strand breaks

in DNA and formation of DNA–protein crosslinks (reviewed

in Evans et al, 2004). Base oxidation products are cytotoxic

and mutagenic, and several studies suggest that they may

contribute to ageing and human pathologies, including

neurodegeneration and cancer (reviewed in Evans et al,

2004). Base excision repair (BER) is the major mechanism

for repair of DNA base damage by reactive oxygen species

(ROS), but other repair pathways like NER, mismatch repair

and recombination may be involved too. Specific DNA gly-

cosylases are responsible for modified base removal by BER

followed by formation of a single-stranded gap, filling of the

gap and ligation by either short- or long-patch BER (reviewed

in Fortini et al, 2003). The key role of BER in oxidative DNA

damage repair is testified by the high risk of colorectal

tumours in individuals carrying inherited mutations of the

MYH DNA glycosylase that specifically excises adenine mis-

paired with 8-OH-Gua (reviewed in Sampson et al, 2005).

The major function of NER is to repair a wide range of

lesions, including UV photoproducts, all resulting in large

local distortions of the DNA structure. Impaired NER activity

is associated with the rare autosomal recessive disorders, like

xeroderma pigmentosum (XP), Cockayne syndrome (CS) and

tricothiodystrophy (TTD) (reviewed in Lehmann, 2003). XP

is a cancer-prone disorder, whereas CS and TTD are multi-

systemic diseases characterized by developmental and neu-

rological abnormalities and premature ageing. NER operates

through two subpathways that differ primarily in the recogni-

tion of base damage. In the transcription-coupled repair

(TCR), it is the stalling of RNA polymerase II that triggers

rapid repair of lesions from the transcribed strand of active

genes. In the global genome repair (GGR), specific protein

factors bind to damage sites and initiate repair on the genome

overall (reviewed in Hoeijmakers, 2001; Hanawalt, 2002).

XPC plays a key role as GGR-specific damage recognition

protein. The human XPC protein in vivo is a heterotrimeric

complex including HR23B and centrin 2 proteins (Araki et al,

2001). This complex binds to various types of NER lesions by

recognizing alterations in the DNA structure more than the

lesions themselves (Sugasawa et al, 2002). In agreement with

its role as structure-specific DNA-binding factor, XPC has

been involved in the recognition of structurally unrelated

lesions. In vitro experiments have shown that XPC-containing

complexes are able to excise oxidative DNA lesions such

as free radical-induced 8,50-cyclopurine 20-deoxynucleosides

(Brooks et al, 2000; Kuraoka et al, 2000) that are then
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repaired via NER. Recent evidence points to an additional,

unexpected role of XPC in BER of endogenous lesions. The

XPC–HR23B complex functionally interacts with 3-methya-

denine DNA glycosylase (Miao et al, 2000) and thymine DNA

glycosylase (Shimizu et al, 2003) that initiate BER of alkyla-

tion and deamination products, respectively. It has been

suggested that the involvement of XPC in repair of oxidative

DNA damage is responsible for the high frequency of sponta-

neous lung tumours recently described in XPC mutant mice

(Hollander et al, 2005). Whether a defect in XPC leads to an

altered response to ROS-generating agents in human cells,

thus contributing to cancer development, is unknown.

Here, we analysed the role of XPC in the response to

oxidizing agents by using human primary keratinocytes and

fibroblasts from the same skin biopsy as a model cell system.

We show that XPC protects human skin cells from the killing

effects of X-rays and potassium bromate (KBrO3). We provide

the first in vivo evidence that XPC is involved in the repair of

8,50-cyclopurine 20-deoxynucleosides and major oxidized

DNA bases, 8-OH-Gua and 8-hydroxyadenine (8-OH-Ade).

By in vitro reconstitution experiments, we uncover a new

role of XPC as a cofactor for the efficient cleavage of 8-OH-

Gua by OGG1. XPC complex might contribute to cancer

prevention by participating in BER of 8-OH-Gua and other

oxidative DNA lesions.

Results

XP-C keratinocytes and fibroblasts are hypersensitive

to the killing effects of oxidizing agents

XP-C primary fibroblasts and keratinocytes were exposed to

X-rays and cell sensitivity measured by a clonal assay. As

shown in Figure 1A and B, both XP-C cell types were more

sensitive to X-rays (approximately 2 fold on the basis of D37)

than normal cells. Similarly to what previously reported for

UVB (D’Errico et al, 2005), fibroblasts appear to be more

sensitive to oxidative damage than keratinocytes. To deter-

mine whether X-ray sensitivity originated from oxidatively

induced DNA lesions, cells were treated with KBrO3 that is

known to produce ROS, lipid peroxidation and oxidative DNA

damage (Ballmaier and Epe, 1995). A clear hypersensitivity to

the killing effects of KBrO3 was observed in XP-C keratino-

cytes and fibroblasts when compared with normal cells

(Figure 1C and D). This finding suggests that the hypersensi-

tivity to IR of XP-C skin cells involves oxidative DNA damage.

Lack of XPC is responsible for the hypersensitivity to

DNA-oxidizing agents of human fibroblasts

To further investigate the correlation between absence of

a functional XPC protein and hypersensitivity to oxidizing

agents, normal and XP-C fibroblasts were analysed for their

sensitivity to KBrO3 following transfection with an expression

vector carrying the human EGFP-XPC fusion cassette (pEGFP-

XPC) or an empty vector (pEGFP-C1). The efficiency of

transfection was usually lower in XP-C (3–4%) as compared

with normal cells (10–12%), independently of the type of

vector used. The median EGFP intensity of both normal and

XP-C cells expressing the XPC chimera was lower as com-

pared with cells expressing the control EGFP, likely reflecting

cytotoxic effects and/or decreased intrinsic fluorescence of

the ectopically expressed protein. In each experiment, cell

killing by KBrO3 was evaluated as percentage of dead cells

24 h post-treatment by enumerating propidium iodide (PI)-

positive cells (i.e. red cells) in at least 100 transfected cells,

identified as green cells expressing the EGFP protein (Figure

2A–D). Examples of cells showing nuclear accumulation

of the green fluorescent signal of the XPC chimera (Figure

2A and C), and either sensitive (Figure 2B) or resistant

(Figure 2D) to KBrO3 are shown. The overexpression of

XPC in normal cells was slightly toxic (Figure 2E). At 24 h

after treatment with two doses of KBrO3, the XP-C fibroblasts

expressing normal XPC showed significant protection from

cell killing (approximately 50% recovery; po0.05) as com-

pared with fibroblasts transfected with the empty vector

(Figure 2E).

The restoration of normal sensitivity to KBrO3 in XP-C

fibroblasts upon wild-type XPC expression provides evidence

that XPC is directly involved in cell protection from the lethal

effects of oxidizing agents.

XP-C keratinocytes are defective in the repair of

oxidatively induced DNA lesions

The protection by XPC from oxidative stress-induced cell

killing strongly suggested an involvement of this protein in

the repair of oxidative DNA damage. Oxidative stress gener-

ates different kinds of lesions in DNA (reviewed in Evans

et al, 2004). A unique reaction of hydroxyl radical-induced

sugar radicals leads to the formation of 8,50-cyclopurine 20-

deoxynucleosides that involves a concomitant damage to the

base and sugar moieties of a purine nucleoside in DNA. One

of these lesions, that is, (50S)-8,50-cyclo-20-deoxyadenosine

[(50S)-cdA] has been shown to be repaired in vitro by NER

(Kuraoka et al, 2000). The induction of (50S)-cdA, (50R)-8,50-

cyclo-20-deoxyguanosine [(50R)-cdG] and (50S)-8,50-cyclo-20-

deoxyguanosine [(50S)-cdG] by a low dose of X-rays (5 Gy)

and their repair was assayed by liquid chromatography/mass

spectrometry (LC/MS) or gas chromatography/MS (GC/MS)
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Figure 1 XP-C keratinocytes and fibroblasts are hypersensitive to
the killing effects of X-rays and KBrO3. Survival of primary kerati-
nocytes (A, C) and fibroblasts (B, D) from two normal (N1RO and
N2RO, closed symbols) and two XP-C (XP26PV and XP28PV, open
symbols) donors after X-rays and KBrO3 treatment. (A–B) Survival
of keratinocytes and fibroblasts after exposure to X-rays. (C–D)
Survival of keratinocytes and fibroblasts after exposure to KBrO3.
Survival was determined by colony formation assay. The reported
values are the mean of at least two independent experiments, each
performed in triplicate with standard errors always o10%.
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in primary keratinocytes of two normal subjects (K N1RO,

K N2RO) and two XP-C patients (K XP26PV, K XP28PV).

Keratinocytes were selected for this analysis because the

steady-state level of oxidative DNA base damage in this cell

type is significantly lower than in fibroblasts (see below),

thus allowing a better estimate of oxidatively induced DNA

lesions. As shown in Figure 3A, the steady-state levels of

selected 8,50-cyclopurine 20-deoxynucleosides were similar in

normal and XP-C keratinocytes. Upon irradiation with 5 Gy,

(50S)-cdA, (50R)-cdG and (50S)-cdG were induced at statisti-

cally significant levels (Po0.05) and then repaired to com-

pletion in 2 h in normal keratinocytes, whereas they were not

repaired in XP-C cells. This is the first evidence that XPC–NER

complexes are required for the repair of 8,50-cyclopurine

20-deoxynucleosides in vivo, as previously shown in vitro

(Brooks et al, 2000; Kuraoka et al, 2000).

The levels of other major oxidatively induced DNA bases

induced by X-rays, 8-OH-Gua and 8-OH-Ade, were also

measured by LC/MS as their nucleosides 8-hydroxy-20-deoxy-

guanosine (8-OH-dG) and 8-hydroxy-20-deoxyadenosine (8-

OH-dA), respectively. As shown in Figure 3B, the steady-state

levels were similar in normal and XP-C keratinocytes. A

significant increase in the level of these products was de-

tected immediately after X-ray exposure in both normal and

XP-C keratinocytes. Normal keratinocytes repaired to com-

pletion both modified DNA bases within 2 h after treatment,

as expected on the basis of their repair rate in vivo (Tuo et al,

2003). In contrast, the repair of both lesions was defective in

XP-C keratinocytes.

The repair kinetics of 8-OH-dG was investigated in kerati-

nocytes and fibroblasts following treatment with KBrO3 by

using high-performance liquid chromatography/electroche-

mical detection (HPLC-ED) methodology. This technique

was suited to estimate oxidatively induced 8-OH-dG in both

cell types. As shown in Figure 4A and B, the steady-state level

of 8-OH-dG was significantly higher (Po0.05) in fibroblasts

than in keratinocytes. This effect is associated with a higher

antioxidant capacity of keratinocytes as compared with fibro-

blasts (D’Errico et al, 2006). It should be noted that the

background levels of 8-OH-dG measured in keratinocytes by

HPLC-ED differ from those measured by LC/MS. This is not

unexpected as two different methods have been used; how-

ever, the observed values are both within the range of the

internationally accepted background levels of 8-OH-dG in

cells (ESCODD, 2003; Collins et al, 2004). Therefore, the

comparison of the results obtained by these two techniques

can only be qualitative but not quantitative. Upon treatment

with KBrO3 (40 mM), a statistically significant increase in

DNA levels of 8-OH-dG was induced in both cell types

(Po0.001) (Figure 4A and B), in agreement with a significant

production of this damaged base by this agent (Ballmaier and

Epe, 1995). At this high oxidant dose, the levels of induced

8-OH-dG in the two cell types were similar although

the steady-state levels were significantly different. At lower

KBrO3 doses (up to 20 mM), higher induced levels of 8-OH-dG

were detected in fibroblasts than in keratinocytes (data not

shown) in agreement with an additive effect of the back-

ground and induced levels. It is likely that under massive ROS

production (high oxidant doses), the cellular antioxidant

defence mechanisms are saturated, and the genetic back-

ground of the cell system does not influence the DNA oxida-

tion levels anymore. When cells were allowed to repair after

DNA damage, 8-OH-dG levels decreased significantly during

the time course both in normal and XP-C keratinocytes and

fibroblasts (Po0.001) (Figure 4A and B). However, in the

absence of XPC, the levels of 8-OH-dG at each repair time

were significantly higher than in normal cells in both cell

types (Po0.001). At 2 h post-treatment, when most lesions

were repaired in normal cells, residual damage was still

present in XP-C cells. When the levels of 8-OH-dG at different
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Figure 2 The lack of XPC is responsible for the hypersensitivity
to KBrO3 of human fibroblasts. Normal and XP-C fibroblasts were
transiently transfected with an expression vector encoding for the
EGFP-XPC fusion protein (pEGFP-XPC) or with the empty vector
encoding for EGFP only (pEGFP-C1). At 24 h after transfection, cells
were either untreated (control) or exposed to different KBrO3 doses
(5 and 10 mM). At 48 h after transfection, cells were stained with PI
to label in red dead cells, cytocentrifuged on slides and then
analysed by fluorescence microscopy. (A–D) The photographs are
representative fields of normal fibroblasts expressing the EGFP-XPC
chimera (green fluorescence) and stained with PI to evaluate their
viability following KBrO3 treatment (red fluorescence). Examples
of cells expressing the ectopic protein and either dead (A–B) or alive
(C–D). (E) The histograms report the percentages of dead cells
following KBrO3 treatment of normal (F N1RO) and XP-C (F
XP26PV) cells transfected with either the pEGFP-XPC or the
pEGFP-C1 plasmid DNA. The reported values are the mean of
at least three independent experiments and standard deviations
are indicated.
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repair times were expressed as percentage of the levels

immediately after treatment (Figure 4C and D), the

repair rate of XP-C keratinocytes and fibroblasts was slower

than that of their normal counterparts at early repair times.

This is remarkable in the case of keratinocytes that repaired

30% of 8-OH-dG lesions within the first 10 min after treat-

ment but, when XPC is defective, they did not show any

repair of this oxidized base within the same time frame

(Figure 4C).

The contribution of XPC to 8-OH-Gua repair was, there-

fore, confirmed in both cell types. In addition, the analysis of

the repair kinetics allowed estimating the relative contribu-

tion of the XPC-dependent mechanism to the overall repair of

8-OH-Gua. This discloses a role for XPC as cofactor in the

repair of this oxidized base.

A deficiency in XPC leads to a reduction in cleavage of

8-OH-Gua-containing oligonucleotides by keratinocyte

extracts

It is well known that 8-OH-Gua is repaired via BER pathway

initiated by a specific DNA glycosylase, OGG1 (reviewed in

Fortini et al, 2003; Evans et al, 2004). To gain insights into the

mechanism of oxidative DNA base damage accumulation in

XP-C keratinocytes, we examined the incision of 8-OH-Gua-

containing duplex oligonucleotides by nuclear extracts of

normal and XP-C keratinocytes. The incision activity was

estimated by measuring the relative yield of uncleaved and

cleaved products by PAGE analysis. A significant reduction

(approximately 50%, Po0.05) in 8-OH-Gua cleavage was

recorded when XP-C extracts were compared with normal

extracts (Figure 5A). To test whether the XP-C defect was

indeed responsible for the reduced cleavage efficiency of XP-

C extracts, the assay was repeated in the presence of increas-

ing concentrations of purified recombinant XPC–HR23B com-

plex. As shown in Figure 5B, the correction of the defect was

achieved in both cell extracts by adding 80 fmol of XPC–

HR23B. The addition of the same amount of XPC–HR23B

to wild-type extracts did not change the cleavage efficiency

(data not shown).

Thus, the defect in 8-OH-Gua cleavage is likely to account

for its accumulation in the genome of XP-C keratinocytes.

XPC–HR23B stimulates the activity of OGG1

To determine the effect of XPC–HR23B on OGG1-catalysed

8-OH-Gua excision, a limiting amount of OGG1 (60 fmol) was

incubated with an 8-OH-Gua-containing duplex oligonucleo-

tide in the presence of varying amounts of XPC–HR23B. In

this assay, the OGG1-processed DNA was treated with alkali

to convert AP sites to nicks before denaturing PAGE. As

shown in Figure 6A, the activity of OGG1 increased as a

function of the concentration of XPC–HR23B (lanes 2 and 3).

A three-fold stimulation of OGG1 activity was observed after

30 min incubation in the presence of 200 fmol of XPC–HR23B.

Purified XPC–HR23B by itself showed no detectable DNA

glycosylase activity on the 8-OH-Gua-containing oligomer
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Figure 3 XP-C keratinocytes accumulate cyclopurines and oxidized
DNA bases induced by X-rays. Levels of oxidatively modified
nucleosides in DNA of keratinocytes from normal (K N1RO) and
XP-C (K XP26PV and K XP28PV) donors were measured by LC/MS
or GC/MS. For each data point, DNA samples isolated from three
independent experiments for cell strain were used. The chemical
structures of the modified nucleosides are illustrated. (A) Induction
by X-rays and repair of (50S)-cdA, (50R)-cdG and (50S)-cdG. (B)
Induction by X-rays and repair of 8-OH-dG and 8-OH-dA. DNA
samples were isolated from untreated cells (control), cells exposed
to X-rays (5 Gy), and exposed to X-rays and allowed to repair for 2 h
(5 Gyþ 2 h rep). The data represent the mean of three independent
experiments and standard deviations are reported. Statistical ana-
lysis was performed using one-way analysis of variance. The stars
indicate statistically significant differences between control and
5 Gy, or control and 5 Gyþ 2 h rep with a Po0.05.
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(lane 4). No stimulation of OGG1 activity was detected upon

addition to the cleavage reaction of another NER protein, XPA

(lanes 8 and 9), or following addition of bovine serum

albumin (BSA) (data not shown). To examine which subunit

of the complex was responsible for the stimulation, HR23B

was added alone. This subunit had a minor effect on OGG1

activity (lanes 5 and 6) and no relation with the dose was

detected. The involvement of XPC in OGG1 stimulation was

further demonstrated by the similar level of stimulation by

XPC alone compared to that induced by the XPC–HR23B

complex (Figure 6C, lanes 2 and 3). These findings clearly

indicate that XPC is the subunit of the complex responsible

for the stimulation of the OGG1 activity. The use of the alkali

treatment does not allow to test which is the activity of OGG1

that is stimulated by XPC–HR23B. However, as the AP lyase

activity of OGG1 is very weak, it is likely that the stimulation

involves the DNA glycosylase activity of OGG1.

To investigate the mechanism by which the XPC complex

stimulates OGG1 activity, the following experiment was

performed. OGG1 was allowed to react with the 8-OH-Gua-

containing oligonucleotides for 120 min, which is the time

required to achieve a plateau in the cleavage reaction

(Figure 7A, lanes 1–4). After this time frame, increasing

concentrations of XPC–HR23B complex were added and

incubated further for the indicated periods of time (lanes

5–16). As shown in Figure 7B, addition of XPC–HR23B

drastically enhanced OGG1 activity and the stimulation

was dependent on the concentration of XPC–HR23B complex

added. It is well known that OGG1 remains sequestered

by the resulting AP site following excision of 8-OH-Gua.

These findings suggest that XPC–HR23B stimulates OGG1

activity by promoting its dissociation from the DNA substrate

(likely the abasic site), thus allowing OGG1 to react with

other 8-OH-Gua lesions.

XPC–HR23B stimulates binding of OGG1 to damaged

DNA

The stimulatory effect of XPC might rely on an interaction

between XPC and OGG1 and/or between XPC and the DNA

base lesion. A series of experiments was performed to

attempt to demonstrate a direct interaction between the two

proteins. No indication for such a protein–protein interaction

was obtained either by coimmunoprecipitation of OGG1 with

XPC–HR23B using antibodies against OGG1 or by pull-down

of OGG1 with histidine-tagged XPC–HR23B on nickel agarose

beads (data not shown). As a last attempt to verify the

interaction between XPC and OGG1, Far Western analysis

was performed with purified proteins applied directly to

nitrocellulose using a dot-blot apparatus. In this experiment,

XPC was bound to the membrane and probed with OGG1.

Interaction between OGG1 and XPC was monitored using a

polyclonal antibody against OGG1 or XPC. The results shown
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Figure 4 Repair of 8-OH-Gua is slower in XP-C keratinocytes and fibroblasts as compared with normal cells. 8-OH-dG levels were analysed in
normal (N1RO) and XP-C (XP26PV) human fibroblasts and keratinocytes after exposure to 40 mM KBrO3 (1 h). Aliquots of cells were taken
at the indicated times and the levels of 8-OH-Gua were measured by HPLC-ED. (A–B) 8-OH-dG levels in keratinocytes (A) and fibroblasts (B).
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reported. Statistical analysis was performed using one- and two-way analyses of variance.
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in Figure 8 indicate that OGG1 binds directly to XPC–HR23B.

Negative binding controls were BSA and buffer alone. OGG1

was applied as positive control for antibody specificity. It

should be noted that the XPC–HR23B–OGG1 interaction was

rather weak (80 mM KCl wash) and this might explain why it

was not revealed by the pull-down assay where the antibody

and the tag of the protein may further impede the interaction.

We then employed band-shift assays (Figure 9) to evaluate

whether we could detect a ternary complex between XPC–

HR23B and OGG1-bound DNA. To increase the stability of

OGG1 on the substrate during electrophoresis, a mutant

OGG1 protein was used that retains similar binding affinity

for 8-OH-Gua as the wild-type protein, but is deprived of any

enzymatic activity (M Bjoras, unpublished data). Under these

conditions, a shifted OGG1–DNA complex was detected (lane

2). The addition of increasing amounts of XPC–HR23B pro-

duced substantially increased amounts of shifted OGG1–DNA

complex (lanes 3 and 4), but OGG1–DNA complex was not

supershifted in the presence of XPC–HR23B. At 160 fmol of

XPC (lane 3), an approximately two-fold stimulation of OGG1

binding was detected. XPC–HR23B alone did not induce a

detectable shift on this DNA substrate (lane 6) as previously

reported (Kusumoto et al, 2001). Overall, these results in-

dicate that XPC–HR23B promotes binding of OGG1 to 8-OH-

Gua containing DNA without the formation of a stable ternary

complex with OGG1-DNA.

All together, these results show a novel physical and

functional interaction between XPC–HR23B and OGG1.

Discussion

A role for XPC in the repair of oxidative DNA damage

In this study, we provide the first evidence that XPC is

involved in the protection of human cells from lethality by

oxidizing agents. Oxidants exert their cytotoxic effects via

ROS reaction with several targets, including lipids, proteins,

and nuclear and mitochondrial DNA. The steady-state and

X-ray-induced levels of DNA products are not affected by

a defect in XPC. However, upon oxidant exposure, XP-C cells

fail to remove the lesions normally, so the levels of 8,50-

cyclopurine 20-deoxynucleosides and modified DNA bases,

namely 8-OH-Gua and 8-OH-Ade, are higher than in wild-type

cells. The persistence of these distinct types of oxidative

DNA damage in XP-C cells relies upon different mechanisms.

Whereas XPC is involved in recognition/excision of 8,50-

cyclopurine 20-deoxynucleosides likely as a NER component,

its participation in 8-OH-Gua removal is as cofactor in
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normal cleavage activity. 30-mer duplex oligonucleotides (50 fmol)
containing 8-OH-Gua were incubated with nuclear extracts (5mg) of
XP-C keratinocytes at 371C for different periods of time as indicated.
The 50 end-labelled oligonucleotide was the 8-OH-Gua-containing
strand. The products were separated by denaturing 20% PAGE.
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(K XP26PV and K XP28PV) donors. The relative percentages of
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Figure 6 XPC–HR23B stimulates the activity of OGG1. DNA frag-
ments (210 bp) containing a single 8-OH-Gua lesion were incubated
with purified proteins, as indicated, at 371C for 30 min. The 50 end-
labelled strand was the 8-OH-Gua-containing strand. The products
were subjected to alkali treatment and separated by denaturing 8%
PAGE. (A) The nicking assay was conducted in 10 ml (final volume)
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OGG1-initiated BER. Accordingly, the kinetics of 8-OH-Gua

removal indicates that the contribution of XPC to the overall

repair of 8-OH-Gua is relatively small.

The dual role of XPC in the removal of oxidative DNA

damage disclosed by our study might lead to different con-

sequences at the cellular level. The persistence of DNA

lesions can result in cell death by impeding progression of

replication forks. One of the 8,50-cyclopurine 20-deoxynucleo-

sides, (50S)-cdA has been shown to block DNA and RNA

polymerases (Brooks et al, 2000; Kuraoka et al, 2000, 2001)

in vitro and to prevent transcription factor binding to cognate

recognition sequences (Marietta et al, 2002). In contrast,

modified DNA bases, such as 8-OH-Gua, are unlikely to be

involved in the stalling of replication forks, suggesting that

their impact on cell survival is likely to be limited.

The most biologically relevant property of 8-OH-Gua is its

miscoding ability. This lesion is preferentially repaired by

BER, but several proteins belonging to other repair pathways

have been shown to operate either in back-up repair systems

or as cofactors to improve the efficiency of the BER reaction.

The repair of 8-OH-Gua in human cells has recently been

shown to require a functional CSB product (Tuo et al, 2003).

Interestingly, the lack of CSB affects the cleavage activity of

8-OH-Gua (Dianov et al, 1999; Tuo et al, 2003) via a mechanism
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Figure 8 Far Western analysis of OGG1 binding to XPC–HR23B.
Purified proteins were spotted onto nitrocellulose and incubated
with OGG1. OGG1 binding to proteins was tested by probing either
with anti-XPC or anti-OGG1 polyclonal antibodies and visualization
was performed by chemiluminescence. BSA and buffer alone were
used as negative controls. Purified OGG1 was applied as positive
control for antibody specificity.
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that waits to be clarified. Here, we show that XPC–HR23B

complex significantly stimulates the activity of OGG1 in

human cell extracts as well as in a reconstituted repair

reaction with purified proteins. Interaction between XPC–

HR23B and OGG1 was detected (by Far Western analysis

only). We were unable to see the formation of a stable ternary

complex between XPC–HR23B and OGG1-bound DNA, but

enhanced binding of mutant OGG1 to damaged DNA was

observed in the presence of XPC complex. To explain DNA

lesion recognition by many repair proteins, a model has

been proposed where sampling of flexible hinges (owing to

poor base stacking at DNA lesions) by a DNA repair protein

could facilitate loading of another by direct protein–protein

interaction or DNA-mediated interactions (Yang, 2006).

Accordingly to this model, XPC–HR23B might bend DNA at

sites of damage and thus facilitate loading of OGG1 by direct

protein–protein interaction or by competition with the DNA

substrate. OGG1 is known to bind tightly the AP site gener-

ated by its glycosylase activity (Hill et al, 2001; Vidal et al,

2001), and XPC-HR23B might facilitate its release by compet-

ing for binding at AP sites (Shimizu et al, 2003). Evidence for

stimulation of BER protein activity by NER proteins has been

previously reported. XPG, another NER protein, greatly

improves the DNA-binding and catalytic activity of the DNA

glycosylase hNTH1 that removes oxidized pyrimidines

(Klungland et al, 1999). XPC has been shown to directly

interact with thymine DNA glycosylase (TDG), which initi-

ates BER of spontaneous deamination products (Shimizu

et al, 2003), and facilitates product (AP site) release from

TDG. Interestingly, Lan et al (2004) have recently described

an early accumulation of XPC, but not of other NER compo-

nents, at oxidative damage generated at restricted nuclear

regions in mammalian cells. This accumulation might reflect

the involvement of XPC–HR23B in recognition/cleavage of

oxidized bases revealed by this study.

A link between repair of oxidative DNA damage and

clinical features

The main feature of XP-C patients is the high incidence of

skin cancer. Keratinocytes are the target cells for sunlight-

induced skin cancer. Mutational spectra of p53 (Giglia et al,

1998) in skin tumours from XP-C patients showed the UV

signature. However, mutations that are compatible with

8-OH-Gua mutagenesis (i.e. G-T transversions) have recently

been reported in the basal layer of human squamous tumours

from repair proficient donors (Agar et al, 2004), indicating

that oxidative DNA damage may also contribute to skin

cancer development in the general population. Interestingly,

a novel XPC-dependent DNA repair mechanism involved in

removal of nonpyrimidine dimer base damage has been

hypothesized on the basis of an XPC-specific p53 mutational

hot spot detected in UV-irradiated XPC mutant mice (Nahari

et al, 2004).We are tempted to speculate that the increased

predisposition to UVB-induced skin cancer in XPCþ /� and

XPC�/� model mice could be owing not only to reduced NER

but also to impaired BER.

Because of XPC involvement in oxidative/endogenous

damage, we can expect that XPC deficiency may lead to an

increase in mutations also without UV exposure. A signifi-

cantly increased level of hprt spontaneous mutations, mainly

G-T transversions, have been reported in lymphocytes from

12 month-old XPC mutant mice as compared with wild-type

mice (Wijnhoven et al, 2000). More recently, a high fre-

quency of spontaneous lung tumours has been reported in

XPC�/� mice, suggesting an involvement of XPC in repair of

endogenous oxidatively induced lesions in lungs (Hollander

et al, 2005). Despite the limited number of reports of tumours

at sites other than skin in XP patients, p53 mutations found in

primary internal cancers from three XP patients (two belong-

ing to XP-C) were different from those found in XP skin

tumours and were compatible with oxidative damage muta-

genesis (Giglia et al, 1998).

The new function of XPC in BER that we demonstrate in

this study strongly suggests that a defect in the repair of

8-OH-Gua and other oxidatively induced DNA lesions might

play a major role in internal cancer development in XP-C

patients. In these patients, whose median age of onset for first

skin neoplasm is 8 years, the role of XPC in tumorigenesis at

sites other than skin might be obscured by the multistep

nature and long latency of cancer. This is indeed what occurs

in the mutant XPC mice that develop multiple spontaneous

lung tumours, of which only a few progress to malignant

cancers, indicating that additional events are required for

cancer progression (Hollander et al, 2005).

Following the discovery that NER removes in vitro 8,50-

cyclopurine 20-deoxynucleosides (Kuraoka et al, 2000), it has

been hypothesized that the persistence of these lesions might

be responsible for neuronal death in XP by blocking neuronal

gene expression (reviewed in Brooks, 2002). We demonstrate

that XP-C cells are defective in the removal of 8,50-cyclopur-

ine 20-deoxynucleosides. However, XP-C patients commonly

do not show neurological alterations. Our findings indicate

that the impairment of GGR of oxidative DNA damage per se

is not sufficient to lead to as dramatic effects, in terms of

neurodegeneration, as those observed in XP-A patients (de-

fective in both GGR and TCR). However, the drastic enhance-

ment of the neurological phenotype of CSB and CSA

knockout mice, when the XPA gene or the XPC gene are

additionally inactivated (reviewed in Friedberg and Meira,

2004), suggests that these genes have at least in part an

additive role in neuronal development and brain function.

The common function may be the prevention of accumula-

tion of endogenous oxidative DNA damage, which is pro-

duced at high rate in the brain.

An important implication of the newly identified function

of XPC in the repair of oxidatively induced DNA lesions is

that alterations in the XPC function in the general population

(e.g. haploinsufficiency, polymorphisms) might be involved

as predisposing factors in cancer development. Functional

polymorphisms of the XPC gene and reduced levels of XPC

mRNA have been associated with increased cancer risk (Shen

et al, 2001; Marin et al, 2004; Khan et al, 2006). Future

research should thoughtfully address this important issue.

Materials and methods

Case reports, cells culture and treatment conditions
The study was performed on two XP patients belonging to the XP-C
group (XP26PV and XP28PV). Clinical, cellular and molecular data
on XP26PV are reported by Chavanne et al (2000). XP28PV was
referred to us at the age of 28 years when she had already developed
several basal and squamous cell carcinoma in the photoexposed
areas of the face. In both XP-C patients, nonsense mutations
resulting in severely truncated proteins and splicing abnormalities
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leading to a null product were observed (Chavanne et al, 2000;
Nardo, Botta and Stefanini, unpublished results).

Experiments were performed on primary fibroblast and kerati-
nocyte cultures established according to previously described
procedures (D’Errico et al, 2005) from biopsies from clinically
unaffected skin areas of the two patients and two age-matched
healthy donors (N1RO and N2RO). Cells were treated with X-rays
(Radgil, Gilardoni, Milan, Italy) at a dose rate of 90 cGy/min. The
treatment with KBrO3 (Sigma-Aldrich S.r.l. Milan, Italy) was
performed in PBS 1� -Hepes, 20 mM for 1 h at 371C.

Plasmids and transfections
The pEGFP-C1 plasmid expressing the EGFP protein, and its
derivative pEGFP-XPC expressing the XPC-EGFP fusion protein
have been previously described (Santagati et al, 2001).

Cells (2�105) were plated onto 30 mm Petri dishes and
transfected by lipofectamine 2000 method (Invitrogen Life Tech-
nologies S.r.l., Milan, Italy) with 4mg of pEGFP-C1 or pEGFP-XPC
DNA. At 24 h after transfection, cells were treated with different
doses of KBrO3 (5 and 10 mM) and 24 h post-treatment, cells were
trypsinized and washed with PBS. Cell pellets were resuspended in
PBS containing 50 mg/ml PI and incubated for 40 min to label dead
cells. Cells (1�104) were cytocentrifuged on slides and analysed by
fluorescence microscopy. At least 100 cells expressing the ectopic
protein (green fluorescence) from two independent experiments
were evaluated for PI staining (red fluorescence) to calculate the
percentage of dead cells.

Cell survival assay
Cell survival was determined by analysing the colony-forming
ability, as described previously (Santagati et al, 2001). Briefly, cells
were exposed to X-rays (1–6 Gy) or KBrO3 for 1 h (2.5–40 mM) and
then plated at increasing density as a function of doses. Colonies
were fixed 14 days later. The number of colonies in treated cells was
expressed as a percentage of that in untreated cells.

Measurement of modified nucleosides by LC/MS and GC/MS
DNA was isolated as previously described (Tuo et al, 2003). The
internal standards 8-hydroxy-20-deoxyadenosine-15N5, (50S)-8,50-
cyclo-20-deoxyadenosine-15N5, (50R)-8,50-cyclo-20-deoxyguanosi-
ne-15N5 and (50S)-8,50-cyclo-20-deoxyguanosine-15N5 were prepared
as described (Birincioglu et al, 2003; Jaruga et al, 2004). Custom-
synthesized 8-hydroxy-20-deoxyguanosine-15N5 was purchased
from Cambridge Isotope Laboratories (Cambridge, MA). 8-OH-dG,
8-OH-dA and (50S)-cdA were measured by LC/MS with isotope
dilution as described (Jaruga et al, 2002). GC/MS with isotope
dilution was used to measure (50R)-cdG and (50S)-cdG as described
(Jaruga et al, 2002).

Measurement of 8-OH-dG by HPLC-ED
8-OH-dG repair was determined by HPLC-ED according to
established procedures (Cappelli et al, 2000). Briefly, enzymatic
digestion of DNA was accomplished at 371C with nuclease P1
(Boehringer Mannheim) and alkaline phosphatase (Boehringer
Mannheim) for 2 h. Aliquots of the DNA hydrolysate were analysed
in an LC18-DB column (250 mm by 46 mm, 5-mm; Supelco, Sigma)
equipped with a C18 m guard column. The separation was isocratic
with 50 mM ammonium acetate, pH 5.5, with 10% methanol, at a
flow rate of 1.0 ml/min. HPLC (Beckman, System Gold) was
equipped with a UV detector (256 nm) and an Electrochemical
detector (Coulochem II; ESA Inc.) with applied potentials at 150 and
300 mV for E1 and E2, respectively. 20-Deoxyguanosine was
measured in the same run of corresponding 8-OH-dG and the
results are expressed as the number of 8-OH-dG residues/106 Gua
residues.

In vitro incision of 8-OH-Gua-containing oligonucleotides
Nuclear extracts from HeLa cells were prepared as described in
(McGoldrick et al, 1995). The protocol was adapted to a pellet of
6�107 cells. The recombinant (His)6–XPC–HR23B complex was
affinity purified from insect cells (Sugasawa et al, 1996), using
Ni2þ -NTA chelate agarose beads (Qiagen, Valencia, CA, USA).
Recombinant human HR23B was purified from insect cells as
described before (Sugasawa et al, 1996). Purification of recombi-
nant human XPA was carried out as described by Tapias et al (2004).
Purified human OGG1 was purchased from Trevigen (Tema Ricerca
S.r.l., Bologna, Italy). An oligodeoxyribonucleotide containing a

single 8-OH-Gua residue, 50-GATCCTCTAGAG(8-OH-Gua)CGACCTG
CAGGCATGCA-3’ (Eurogentec, Angers, France), was 50 end-labeled
with 32P and then annealed with the complementary oligonucleo-
tide. The incision reaction (final volume 50ml) contained 50 fmol
of duplex oligonucleotides, 25 mM Tris–HCl pH 7.6, 1 mM EDTA,
50 mM NaCl and 5mg of nuclear extracts. After incubation at 371C
for increasing times, samples were electrophoresed in 20%
denaturing polyacrylamide gels. The incision products were
visualized by autoradiography and quantified by electronic auto-
radiography (Instant Imager, Packard).

To test the stimulatory effect of XPC, we used a gel purified
210 bp DNA fragment (36 pmol) containing a single 8-OH-Gua
lesion, dephosphorylated and 50 end-labeled with 32P. This DNA
fragment was generated by enzymatic restriction (Bsu36I/ApaI) of a
single 8-OH-Gua-containing plasmid (Frit et al, 2002).The incision
reaction was performed as described above, except that the nuclear
extracts were replaced by 60 fmol of recombinant OGG1 and
amount of recombinant XPC–HR23B complex as indicated, in a
final volume of 10 ml. The incision products were subjected to alkali
treatment and then electrophoresed in 8% denaturing PAGE. The
quantification of the autoradiograms was done using GENEQUANT
software (Molecular Dynamics)/or Instant Imager.

Gel retardation assay
Recombinant human OGG1 was purified as previously described
(Bj^rås et al, 1997). This protein presents two mutations, K249A
and D268A, that abolish completely the cleavage activity.

For the preparation of the radioactive probe, covalently closed
circular DNA containing a single 8-OH-Gua was synthesized in vitro
as previously described (Fortini et al, 1999) using as a primer the
same oligonucleotide used in the in vitro incision assay. The
modified plasmid was than digested with BstNI and PvuII to yield a
250 bp fragment containing the lesion. This fragment was purified
with the QIAEX II Gel extraction kit and then 32P-labeled as
described by Sugasawa et al (2001). Binding reactions were carried
out as described by Sugasawa et al (2001). Briefly, 13 pmol of OGG1
and the indicated amount of recombinant XPC–HR23B complex
were incubated at 301C for 30 min in mixtures (10 ml) containing
20 mM sodium phosphate (pH 7.4), 1 mM EDTA, 70 mM NaCl, 1 mM
DTT, 5% glycerol, *BSA (1mg), 32P-labeled probe DNA (7.5 fmol)
and unmodified covalently closed circular plasmid DNA (0.5 ng).
The reactions were then chilled on ice and the resulting DNA–
protein complexes were fixed by addition of 1ml of 2.5%
gluteraldehyde. The mixtures were directly loaded on 4% non-
denaturing polyacrylamide gels (acrylamide: bis-acrylamide,
37.5:1) containing 2.5% glycerol and TGE buffer (25 mM Tris,
192 mM glycine and 1 mM EDTA) and electrophoresed at 11 V/cm in
a sequence gel electrophoresis apparatus (Biorad). After electro-
phoresis, the gel was visualized by autoradiography and quantified
by electronic autoradiography (Instant Imager, Packard).

Far Western
Purified XPC–HR23B (10 pmol) in blotting buffer (0.5�PBS) was
applied to nitrocellulose using a dot-blot apparatus (Bio-Rad). The
membrane was blocked with 5% nonfat milk in blotting buffer for
2 h and then incubated with OGG1 (4mg/ml) in the same buffer for
an additional 2 h. The membrane was probed either with anti-XPC
or anti-OGG1 polyclonal antibody (Santa-Cruz OGG1/2 (L-19) sc-
12075). Signals were visualized using a chemiluminescence
detection kit (NEN Life Science Products). BSA (18 pmol), OGG1
(17 pmol) and blotting buffer alone were used as controls.

Statistical analysis
A nonparametric test (Kruskal–Wallis rank test) was used to
compare the cell killing data by KBrO3 in XPC cells expressing the
XPC chimera with those obtained in cells transfected with the
empty vector. Mean values of modified nucleosides were compared
by one-way analysis of variance. Nonparametric tests for trend
across repair times were performed in order to analyse the repair
kinetics of 8-OH-dG in different cell types. Two-way analysis of
variance was performed to compare the repair kinetics in normal
and XP-C cells. All analyses were carried out with the STATA
statistical package release 8.1 (Stata, College Station, TX).
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