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ABSTRACT. The repair of the endogenous lesion 8-oxo-7,8-dihydrodeoxyguanosine (8-oxodG) was
investigated in the nucleotide excision repair mutant xeroderma pigmentosuf® D), (using human
normal or transformed&PD fibroblasts and the Chinese hams¥?D cell line UV5. In vivo repair of
8-oxodG induced by hydrogen peroxide treatment and analyzed by high-performance liquid chromatog-
raphy/electrochemical detection was normal in ¥i@D mutant fibroblasts XP15PV and GM434, as
compared to normal human fibroblasts GM970, GM5757, and GM6114. Similar results were obtained
with the human SV40-transforme<xPD mutant cell line GM8207 in comparison to the control cell line
GM637. Repair of 8-0xodG was even slightly«{2-fold) but reproducibly increased in Chinese hamster
XPD mutant UV5 cells, as compared to parental AA8 cells. This unexpected effect was reversed by
transfection in UV5 cells of a wild-typ&PD cDNA and confirmed in in vitro experiments in which a
plasmid substrate containing a single 8-oxoG was repaired by UV5 cell extracts. The data show that
repair of 8-oxodG is normal iXPD cells, thus indicating that the neurological complications<eD
patients may not be linked to in vivo accumulation of this lesion.

DNA damage of endogenous origin may significantly and peripheral nervous systeB).(It has been hypothesized
contribute to human degenerative diseadgs Qne major that the XP neurological symptoms may be linked to inability
endogenous lesion is 8-oxo-7,8-dihydrodeoxyguanosine (8-to remove from DNA of neuronal cells oxidized lesions such
oxodG} that is highly mutagenic and cytotoxi@)( and as 8-oxodG and thymine glycol, with consequent accumula-
whose rate of spontaneous formation is elevated in humantion of this kind of damage and eventual cell de&h The
cells ). DNA base excision repair (BER) is a major importance of NER in repair of oxidized bases is an open
mechanism of repair of 8-oxodG. BER of 8-oxodG is question yet10). We report here that repair of 8-oxodG is
initiated in mammalian cells by 8-oxodG DNA glycosylase normal in humanXPD cells and may even be slightly
1 (OGG1), a bifunctional DNA glycosylase with associated accelerated in an hamst¥PD mutant.
abasic (AP) site lyase activity whose coding sequence has
been cloned4—6). A backup system for repair of oxidized EXPERIMENTAL PROCEDURES
lesions is nucleotide excision repair (NER), the main pathway ) )
involved in repair of ultraviolet damag@)( NER is defective Cell Culture The following human cells were obtained
in the hereditary disorder xeroderma pigmentosum (XP), an from the Human Genetic Mutant Cell Repository (Coriell
autosomal recessive syndrome characterized by elevatednstitute, Camden, NJ) and cultured as recommended:
frequency of skin cancer in areas exposed to sunlight. AboutGM970, normal nonimmortalized fibroblasts; GM5757,
25% of XP patients (particularly those of complementation Normal nonimmortalized fibroblasts; GM6114, normal non-
groups A and D) are additionally characterized by neurologi- immortalized fibroblasts; GM434XPD mutant nonimmor-

cal complications caused by neuronal death in the centralt@lized fibroblasts; GM637 cells, an SV40-immortalized
normal cell line; GM8207 [XP6BE(SV40)], an SV40-
t This work was partially supported by Telethon ltaly [Grant E72g], immortalized XPD mutant cell line. TheXPD mutant
Italian Association for Cancer Research (AIRC), National Research nonimmortalized fibroblasts XP15PV were a gift from Dr.
CO*UnC” [Grant 99.02487.CT04 ()], and Italian Ministry of Health.  Miria Stefanini (Istituto di Genetica Biochimica ed Evoluzi-
Corresponding author: DNA Repair Unit, Mutagenesis Laboratory, onistica, Consiglio Nazionale della Ricerche, Pavia, Italy).

Istituto Nazionale Ricerca Cancro, Largo Rosanna Benzi n. 10, 16132
Genova, Italy. TeH-39.010.5600292; fax-39.010.5600992; e-mail: ~ Passage numbers of GM970, GM5757, GM6114, GM434,

gfrosina@hp380.ist.unige.it. and XP15PV fibroblasts were between 15 and 20.
#DNA Repair Unit, Istituto Nazionale Ricerca Cancro. The Chinese hamster ovary (CHO) AAS cell line, 8D
§ Mutagenesis Laboratory, Istituto Nazionale Ricerca Cancro. s -
I Lawrence Livermore National Laboratory. mutant derivative UV5, and the CXPD-5 clone, obtained by

! Abbreviations: 8-0xodG, 8-oxo-7,8-dihydrodeoxyguanosine; 8-ox- transfection of a wild-typexPD cDNA into the UV5 cell
0G, 8-oxo-7,8-dihydroguanine; BER, DNA base excision repair; OGG1, line (11), were cultured in Alpha-MEM with 10% foetal calf
8-oxoguanine DNA glycosylase 1; AP, abasic; NER, nucleotide excision serum. The CHO-9 cell line and IERCC 1mutant derivative
(epair; XP, xeroderma pigmentosqm; HPLC/ED, high performance 43 BB. ltured in ELO/DMEM 1-1 with 10% fetal calf
liquid chromatography/electrochemical detection; CHO, Chinese ham- 43-3b Were cultured in Lwi o tetal ca

ster ovary; TFIIH, transcription factor IIH; CS, Cockayne syndrome. Serum.
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Ficure 1: Efficient in vivo repair of 8-oxodG in humaXPD
nonimmortalized fibroblasts. Exponentially growing cells were
harvested by trypsinization, resuspended in medium with serum,
and treated with 10 mM hydrogen peroxide for 30 min at°87
Thereafter cells were rinsed, incubated in fresh medium for the
indicated repair times, pelleted by centrifugation, and lysed. DNA
was extracted and enzymatically hydrolyzed and 8-oxodG and
deoxyguanosine content determined by HPLC coupled to an
electrochemical detector. Data are the mears.E.M. of three
experiments. Error bars are not indicated when smaller than
symbols. GM970 (normalm); GM5757 (normal,a); GM6114
(normal, ®); GM434 (XPD, O); XP15PV XPD, O).

In Vivo Repair of 8-OxodGThe DNA extraction and
purification procedures as well as quantification of 8-oxodG
by high performance liquid chromatography/electrochemical
detection (HPLC/ED) were performed following published
methods {2, 13). Briefly, exponentially growing cells were
harvested by trypsinization, resuspended in medium with
serum, and treated with 10 mM hydrogen peroxide for 30
min at 37 °C. Thereafter cells were rinsed with PBS,
incubated in fresh medium for the indicated repair times,
pelleted by centrifugation, and lysed. DNA was extracted
and enzymatically hydrolyzed, and 8-oxodG and deoxygua-
nosine content were determined by HPLC/ED.

In Vitro Repair of 8-OxoGThe procedures for preparation
of plasmids carrying a single lesion at a defined location
have been described elsewheté<16). Briefly, pPGEM3Zf-

(+) single-stranded DNA was annealed with a 22-mer
oligonucleotide containing a single 8-oxoG in position 12
[TIBMOLBIOL, Genova, Italy (p0GEM 8-0x0G)] thus gen-
erating a single 8-oxoG/cytosine base pair. Closed circular
double-stranded DNA was obtained by incubating with T4
DNA polymerase, gene 32 protein, and DNA ligad®)(
Control pGEM T plasmids were prepared with an oligo-

nucleotide carrying the normal base guanine in the same

position (15).
Plasmid substrate (300 ng) was incubated with.80of

extract protein prepared by the procedure described in refs

17 and 18 for the indicated times at 30C in the presence

of [®?P]dGTP (L6). Extracts from mutant and control cell
lines were always prepared in parallel. After the repair reac-
tion, plasmid DNA was purified and treated with the restric-
tion endonucleaseXba and Hincll (20 units each). The
resulting 8-mer fragments were resolved by polyacrylamide
gel electrophoresis in the presende7oM urea at 30 mA.

RESULTS

Human Cells Two types ofXPD nonimmortalized fibro-
blatsts (XP15PV and GM434) and three types of nonim-
mortalized wild-type fibroblasts (GM970, GM5757, and
GM6114) were examined for their ability to repair 8-oxodG
in vivo (Figure 1) Cells were treated with $D, and induced
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Ficure 2: Efficient in vivo repair of 8-oxodG in humaxPD SV40-
transformed fibroblasts. The experiments were performed as
described under Figure 1. Data are mes®EM of three experi-
ments. GM637 (normal@); GM8207 (XPD; O).

1009

801

60

40

20

Residual 8-oxodG (%)

0
0 1

Incubation time (h)
FiGure 3: In vivo repair of 8-oxodG in the Chinese hams¥&D
UVS5 cell line. The experiments were performed as described under

Figure 1. Data are the meahSEM of three experiments. AA8
(control; @), UV5 (XPD; O), and CXPD-5 (corrected UV5 cells;

8-oxodG was determined by HPLC/ED at different post-
treatment times. The levels of induced 8-oxodG determined
at time 0 were similar in all cell strains. No evident defect
in removal of 8-oxodG could be observedXi#®D cells, in
comparison to control cells. In particular, the half-life of
8-oxodG in XP15PV (0.52 hQ) was similar to that of
control GM6114 (0.54 h@) and GM5757 (0.45 ha) cells

and slightly lower than that of control GM970 (0.86 M)
cells. In the case oKPD GM434 cells (), the rate of
8-0xodG removal was even accelerated in comparison to
control cells GM970, GM5757, and GM6114, with a half-
life of 8-oxodG of 0.16 h. Similarly, no difference was found
in the rate of 8-oxodG repair in transformetPD cells
(Figure 2). The SV40-transformed GM820XRD mutant,

O) and GM637 (control®) cell lines were analyzed under
the same conditions used for nonimmortalized fibroblasts.
No difference in the rate of repair of 8-oxodG in vivo could
be observed between GM8207 and GM637 cells, with half-
lives of 0.77 and 0.66 h, respectively.

Chinese Hamster Cell§ he in vivo repair of 8-oxodG in
the XPD Chinese hamster ovary cell line UV5 is shown in
Figure 3. Longer incubation times were considered here,
because of the slower rate of 8-oxodG repair in hamster cells
with respect to human cells. No defective 8-oxodG repair
was observed in UV5 cells. On the contrary, the kinetics of
removal were faster in UV5 cell$)) as compared to AA8
(®). The maximum difference was detectableld incuba-
tion time. Half-life for 8-oxodG in AA8 cells was 1.23 h,
and 25% of induced 8-oxodG was still present after 3 h. In
UV5 cells, half-life of 8-oxodG was 0.45 h (2.7-fold lower
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Ficure 4: DNA plasmid substrates. Schematic of plasmid substrates ;
pPGEM-80x0G (carrying a single 8-oxoG) and pGEM-T (control) -
plasmid substrates. The location of the single lesion anXhab—
Hincll restriction sites are shown. Xbal , Hinell
' i
with respect to AA8) and no lesions were left after 2 h. The 5 CTAGAGTC 3

8-0x0dG in vivo repair kinetics of UV5 cells corrected with 5 re5: BER of 8-0x0G inXPD mutant UV5 andERCC Imutant
a wild type XPD cDNA [CXPD-5 cells, © (11)] were 43-3B cells. pPGEM 8-0x0G (containing a single 8-0xoG; lane8 1
essentially superimposable on that of AA8 cells [8-oxodG 5—7, 9-10) or pGEM T (control; lanes 4 and 8) plasmid substrates

half-life = 1.09 h (1.1-fold lower as compared to AA8) and Were incubated with 3@g of protein of AA8 parental wild-type
14% of lesions remaining at 3 h]. cell extract (lanes14), UV5 XPD mutant cell extract (lanes-38),

. ) . CHO-9 parental wild-type extract (lane 9), or 43-BRCCI1mutant
A slight improvement of 8-0xoG repair in UVS5 cells could  cell extract (lane 10) at 30C for the indicated times. After
also be observed in vitro. The capacity of hamster cell extraction with phenetchloroform, plasmid DNAs were digested

extracts to perform BER on 8-oxoG was evaluated with With Xba—Hincll.
plasmid substrates containing single lesions at a defined

position (L4—16). Figure 4 shows a schematic representation _ . i . .
of closed circular double-stranded DNA constructs pGEM vitro by 8-oxoG, even.afte6 h of |r_10ubat|on (lanes 3 and
7) but was reproducible with different sets of extracts

8-0x0G and pGEM T. Only single nucleotide insertion events independently prepared. The higher unspecific incorporation
are detected in the 8-mer resulting from treatment of repaired. P y prep j 9 P P

roducts with restriction endonucleasésa and Hincll as in the AA8 as compared to the UV5 extract was probably
prof . o : linked to different intensity of nick translation of plasmid
indicated by previous determinations of repair patch length

o : ; ; substrates at sites of DNA breakage. This difference was
;ln?[)iba:)r:jdielgiﬁ)o f sensitivity of repair synthesis to anti-PCNA opposite to that of repair incorporation on pGEM 8-0x0G

. . and unlikely affected the damage-dependent repair synthesis.
We have recently observed that 8-0xoG is repaired by No increase in BER of 8-0xoG was observed in BERCC1
mammalian cell extracts with low efficiency, in comparison mutant 43-3B extracts (lane 10) as compared to extracts
to other endogenous lesiond6f. In particular, repair

licati f 8 G/ ine b ) ‘ db prepared from the parental cell line CHO-9 (lane 9). The
replication of an 8-oxoG/cytosine base pair performed by |,yer showed a basal 8-0x0G repair ability that was higher
normal Chinese hamster extracts is 3-fold less efficient than

i of /adenine b : dqi he | . _than that observed with AA8. This was probably linked to
repair of a uracil/adenine base pair, and in turn, the latter is , ; iationg in activity of extracts prepared at different times,
repaired 3-fold less efficiently than a natural AP site placed the pair of extracts CHO-9 and 43-3B being prepared
in front of an adenine1). In absolute terms, the repair independently with respect to the pair AABVS5. Negligible

incorporation stimulated by 3@y of protein of normal AA8 unspecific i :
) . ; pecific incorporation was detectable on pGEM T control
or CHO-9 cell extracts incubated rf@ h with plasmids substrate (lanes 4, 8).

containing a single AP site, U, or 8-0xoG lesion~+200,

67, and 22 net cpm, respectively, as determined by liquid DISCUSSION

scintillation counting of excised bands of the gel. 8-OxoG  Neurological abnormalities occur 125% of XP patients.

is preferentially repaired via single nucleotide insertia@) ( In these cases, sometimes termed de Sanctis-Cacchione
Repair replication performed B¥PD mutant UV5 extracts ~ syndrome, patients exhibit progressive neurological deterio-

and ERCC1mutant 43-3B extracts on pGEM 8-0xoG is ration with massive loss of neuron8, 1). The origins of

shown in Figure 5. In vitro BER of 8-0xoG was increased these symptoms cannot be readily explained as being due to

2.0- and 3.6-fold in UV5 extracts at incubation times 3 and UV-induced DNA damage and it has been hypothesized that

6 h, respectively (lanes 6 and 7), as compared to AA8 they could arise because of accumulation of DNA damage

extracts (lanes 2 and 3). The visual effect was partially generated by reactive oxygen speci@s [n particular, the

flattened by the very low repair incorporation stimulated in
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oxidized base 8-0xoG has been repeatedly suggested as mfluences of the hamster genetic background or, alterna-
contributing factor to human degenerative disorders for its tively, to the type of mutation involved. Major differences
marked miscoding properties and elevated rate of formation may indeed occur in cellular phenotype according to the types
(2). The complementation group D of XP is one of the most of the XPD mutation(26). Human GM434, GM 8207, and
frequently accompanied by neurological complicatiods ( XP15PVXPD cells all have mutations in the XPD C-terminal
21). The XPD protein, one of the seven subunits of domain, at the level of s that is substituted to W (in
transcription factor IIH (TFIIH), is a’5— 3' DNA helicase GM434 and GM8207) or Q (in XP15PV2Y). It has been
that creates during NER a local opening of DNA around the demonstrated that these C-terminal mutations disrupt the
site of damage, that will serve as substrate for the subsequeninteraction of XPD protein with p44, another subunit of
action of repair endonucleaseR CCIXPF and XPG 22). TFIIH, with loss of the stimulatory effect of p44 on the

It has been reported that repair of 8-oxoG and thymine glycol helicase activity of XPDZ8). As a consequence, the DNA

is defective in different complementation groups of XP, helicase activity of the XPD protein is heavily impaired in
including XPD (9). We could not find yet in our experiments the human mutants that we have analyzed. On the contrary,
any defect of 8-oxodG repair in differeXPD human cells, UV5 cells harbor a G~ A transition mutation resulting in
nonimmortalized or SV40-transformed. The inconsistency substitution of G by Y (11). The latter represents a
with previous data may likely be explained with the different nonconservative amino acid change that severely affects the
repair pathways under observation. The excision assay usedepair function but does not fall in the C-terminal domain
in ref 9 specifically detects NER, that to a limited extent nor affects the DNA helicase activity of the protefiil). It

can act on 8-oxodG and is of course defectiveXiRD may be hypothesized that improvement in 8-0xoG repair is
mutants. However, it is well established that the primary associated with those rare mutations that involve the N-
pathway for repair of 8-oxodG in mammalian cells is not terminal domain of the protein and do not affect its DNA
NER but rather the hOGG1-initiated BER pathw2g,(24). helicase activity, but certainly this point requires further
The in vivo repair assay used in our experiments most likely investigations. In conclusion, the complementation group D
detects mainly glycosylase-initiated BER events, although of XP is proficient for repair of 8-oxodG. This does not rule

a limited contribution of NER to base removal cannot be out the possibility that accumulation of other endogenous
ruled out. Hence, while NER is of course defectiveXifD lesions may be responsible for the increased neuronal death
cell extracts, when removing either pyrimidine dimers or observed in XPD patients.

oxidized bases, the hOGG1-inititated BER process is not
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