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Abstract

The repair enzyme 8-oxoguanine glycosylase/apyrimidinic/apurinic lyase (OGG) removes 8-
hydroxy-2'deoxyguanosine (0h8dG) in human cells. Our goal was to examine oh8dG-removing
activity in the cell nuclei of male C57BL/6 mouse brains treated with either forebrain ischemia—
reperfusion (FbIR) or sham operations. We found that the OGG activity in nuclear extracts, under
the condition in which other nucleases did not destroy the oligodeoxynucleotide duplex, excised
oh8dG with the greatest efficiency on the oligodeoxynucleotide duplex containing oh8dG/dC and
with less efficiency on the heteroduplex containing ch8dG/dT, oh8dG/dG, or oh8dG/dA. This
specificity was the same as for the recombinant type 1 OGG (OGG1) of humans. We observed that
the OGGL1 peptide and its activity in the mouse brain were significantly increased after 90 min of
ischemia and 20-30 min of reperfusion. The increase in the protein level and in the activity of brain
OGGL1 correlated positively with the elevation of FbIR-induced DNA lesions in an indicator gene
(the c-fos gene) of the brain. The data suggest a possibility that the OGG1 protein may excise oh8dG
in the mouse brain and that the activity of OGG1 may have a functional role in reducing oxidative
gene damage in the brain after FbIR.
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Ischemia—reperfusion perturbs the oxygen supply and energy metabolism of the brain, causing
oxidative stress by generating free radicals (Coyle and Puttfarcken, 1993). Free radicals cause
damage to proteins, lipids, and nucleic acids (Demple and Harrison, 1994; VVos, 1995). Among
the lesions possible in nucleic acids (base lesions, DNA strand breaks, and DNA—protein
cross-links; Kasprzak et al., 1992), four DNA base lesions [2,6-diamino-4-hydroxy-5-
formamidopyrimidine, 8-hydroxyadenosine, 5-hydroxycytosine, and 8-hydroxy-2'-
deoxyguanosine (ch8dG)], DNA strand breaks of various kinds, DNA without a base
[apyrimidinic/apurinic (AP) sites], and one RNA base lesion [8-hydroxyguanosine (0h8G)]
have been shown to increase in the brain after experimental stroke (P. K. Liu et al., 1996; Chen
etal., 1997; Cui et al., 1999b; Huang et al., 2000) and stress (J. Liu et al., 1996). In addition,
damage to several genes has been detected in the brain of the mouse (DNA polymerase 4 and
y-actin genes; P. K. Liu et al., 1996) and of the rat (c-fos gene; Cui et al., 1999b). Recently, an
elevation in oh8G formation has been demonstrated in the brains from patients with
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Alzheimer’s disease (Nunomura et al., 1999). Thus, the removal and repair of oxidative stress-
induced lesions in nucleic acids play an important role in the prevention of neurological
disorders (Robbins et al., 1985; Parshad et al., 1996; Kisby et al., 1997; Fujimura et al.,
1999; Lovell et al., 1999) and in neuroregeneration after brain injury (LaPlaca et al., 1999;
Shackelford et al., 1999).

The inability to repair damage in nucleic acids, among other risk factors (e.g., an increase in
glutamate, calcium, and nitric oxide levels), may cause apoptotic cell death in the brain.
Although evidence for the repair of oh8G lesions in RNA is lacking (Kamath-Loeb et al.,
1997), the majority of oh8dG lesions, which are markers of oxidative DNA damage, are
repaired by several glycosylases. The early presence of DNA repair activity during reperfusion
after cerebral ischemia has been suggested by a gradual disappearance of Escherichia coli
formamidopyrimidine DNA N-glycosylase (Fpg)-sensitive sites in several nuclear genes (P.
K. Liu et al., 1996; Cui et al., 1999b, 2000). Two alternative repair pathways, in addition to
the nucleotide excision pathway (Reardon et al., 1997), have been proposed to remove
oxidative DNA damage: One removes base lesions (creating a single nucleotide patch), and
the other removes various types of remaining oxidative DNA damage (creating a 7- to 14-
nucleotide patch; Frosina et al., 1996; Wilson and Thompson, 1997). Very little is known
concerning the repair of oxidative DNA damage in the brain, except that the repair of base
lesions may be slower in the transcribed strand than in the nontranscribed strand during the
first 30 min of reperfusion (Cui et al., 1999b).

The majority of oh8dG lesions in the mammalian cell nucleus are removed by the mammalian
homologue of yeast nuclear type 1 8-oxoguanine glycosylase/AP lyase (OGG1) (Krokan et al.,
1997; Monden et al., 1999). Mammalian oggl cDNA has been cloned from the mouse
(moggl; Rosenquist et al., 1997), the rat (roggl; Prieto Alamo et al., 1998), and the human
(hoggl; Roldan-Arjona et al., 1997; Rosenquist et al., 1997). The recombinant OGG1 proteins
contain an activity that excises oh8dG from DNA and a lyase activity that nicks 3’ to the AP
site via f-elimination. Mammalian OGG homologue in the mitochondria (OGG2) has been
demonstrated in the liver of the rat (Croteau et al., 1997). In dividing human cells, seven
alternatively spliced forms of hOGG1 are proposed to account for differential intracellular
localization (Nishioka et al., 1999). The present project aimed to compare DNA repair activity
in the cell nucleus of animal brains receiving a sham operation (normal control) with activity
in animals treated with ischemia and reperfusion. We chose to measure the nuclear OGG1
activity because it is known to specifically repair the major oxidative marker oh8dG.

MATERIALS AND METHODS

Animal stroke model

Oxidative stress was induced in male C57BL/6 mice (20-25 g; Taconic Farms, Germantown,
NY, U.S.A)) using a forebrain ischemia—reperfusion (FbIR) model consisting of bilateral
occlusion of the common carotid arteries for 90 min followed by various lengths of reperfusion
(0-4 h). A cerebral ischemic condition has been established by 80% reduction in the cerebral
blood flow using bilateral occlusion of both common carotid arteries for 30 min in C57BL/6
mice (Fujii et al., 1997). Mice were anesthetized with ketamine (100 mg/kg i.p.) plus xylazine
(13 mg/kg i.p.) prior to surgery. The control group underwent the same surgical procedure but
without artery occlusion. The body temperature was maintained at 37 + 0.5°C during surgery
and the postoperative period until the animals recovered fully from anesthesia. Housing and
anesthesia were in accordance with the NIH Guide for the Care and Use of Laboratory
Animals, USDA regulations, and the American Veterinary Medical Association Panel on
Euthanasia guidelines.
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Preparation of nuclear extracts

After decapitation, the brain was quickly dissected on ice, and the cerebellum and the brainstem
were removed. The cerebral hemispheres were quickly frozen in liquid nitrogen. The flash-
frozen tissue was homogenized with a tissue grinder in a hypotonic buffer containing 10 mM
HEPES (pH 7.9), 1.5 mM MgCl,, 10 mM KCl, 0.2 mM phenylmethylsulfonyl fluoride (PMSF),
and 0.5 mM dithiothreitol (DTT) (An et al., 1993; Liu et al., 1994). After being stored on ice
for 10 min, the nuclear fraction was separated from the cytoplasmic fraction by centrifugation
at 3,300 g at 4°C for 15 min. The resultant nuclear pellets were disrupted with buffer A [20
mM HEPES (pH 7.9), 25% glycerol, 1.5 mM MgCl,, 20 mM KCI, 0.2 mM EDTA, 0.2 mM
PMSF, and 0.5 mM DTT] using a mechanical grinder, and then a 0.5x volume of buffer B (1.2
M KCI in buffer A) was added. After incubation on ice for 30 min, samples were separated at
25,000 g at 4°C for 30 min. The supernatant was stored in aliquots at -70°C. The protein content
in each sample was determined in triplicate using the Bio-Rad protein assay.

Measurement of OGG1 activity in nuclear extracts

A synthetic deoxyoligonucleotide [oligo DNA; 5-CATCATGGTCXTGGTTTGGGCA-3/,
where X is 0h8dG (oligoZ), an AP site (oligoD), or adG (oligoG)] of the c-fos gene was custom-
made by Sigma Genosys (Woodlands, TX, U.S.A.). The oligo DNA (oligoZ, oligoA, or oligoG)
was labeled at the 5" end using [y-32PJATP and T4 polynucleotide kinase and was purified
using a Sephadex G-25 column. The oligo DNA was mixed with a complementary strand (5'-
tgcccaaaccaYgaccatgatg-3', where Y was usually a dC), then denatured by heating at 70°C for
10 min, and hybridized by gradually cooling to 25°C. To determine the substrate specificity
of the OGG1 activity in nuclear extracts, the 32P-labeled oligoZ was hybridized to a
complementary strand that contained dC, dG, dT, or dA in the Y position. To obtain reaction
product markers, 32P-labeled oligoD or oligoZ duplex was incubated with 1 U of E. coli
endonuclease IV or E. coli Fpg protein, respectively (Trevigen, Gaithersburg, MD, U.S.A.).
To test for nonspecific nuclease activities, the 32P-labeled oligoG duplex was incubated with
nuclear extracts under the same conditions in a separate tube. In brief, 100 fmol of oligo duplex
(~1 x 10% cpm/fmol) was incubated for 15 min at 30°C with 30 g of nuclear extracts in 20
mM HEPES (pH 7.9), 0.75 mM MgCl,, 200 mM KCI, 0.2 mM EDTA, 0.5 mM DTT, 0.2
mM PMSF, and <25% glycerol. The reactions were terminated by adding an equal volume of
stop solution [80% formamide, 50 mM Tris-HCI (pH 8.3), 1 mM EDTA, 0.1% bromophenol
blue, and 0.1% xylene cyanole] and resolved in 10% denaturing polyacrylamide gel
electrophoresis. The image was analyzed using a Phosphorimager SF (Molecular Dynamics,
Sunnyvale, CA, U.S.A).

Detection of DNA injury and repair in the c-fos gene

Damage to nuclear genes was determined using a fragment shift assay (Bohr et al., 1985;
Mellon et al., 1987; Driggers et al., 1993; Bhagwat and Gerlt, 1996; P. K. Liu et al., 1996;
Taffe et al., 1996; Cui et al., 1999b). Total DNA was isolated from the entire brain, excluding
the cerebellum, of 24 FbIR animals (4 for each of the six reperfusion times). A detailed
description for genomic DNA isolation technique has been previously reported (P. K. Liu et
al., 1996; Cui et al., 1999b). The purified DNA was stored in Tris—EDTA buffer [10 mM Tris
HCI (pH 8.0), 1 mM EDTA] and was never exposed to phenol or chloroform before analysis.
Fresh DNA (within 3 months of isolation) does not contain excess or measurable base lesions
(P. K. Liu et al., 1996; Cui et al., 1999b). DNA from four animals at each reperfusion time
point was pooled, and a total of 24 xg of DNA from each time point was tested for the presence
of DNA base lesions sensitive to digestion by E. coli Fpg protein, which removes o0h8dG
lesions, as well as 5-hydroxycytosine and 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(open ring of dG modification lesions).
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We used an mRNA or cRNA probe transcribed from the cDNA clone of mouse c-fos gene in
the presence of [a-32PJUTP (3,000 Ci/mmol; New England Nuclear, Wilmington, DE, U.S.A.)
using T7 or T3 RNA polymerase (Promega Corp., Madison, WI, U.S.A.), respectively. These
procedures have been described previously (P. K. Liu et al., 1996; Cui et al., 1999b). The
autoradiogram was developed at -70°C for 16 h. Because DNA samples were pooled from four
animals, we did not calculate the frequency of DNA base lesions.

Western blot

PCR

RESULTS

The nuclear extract from each sample (20 ug) was resolved in 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and blot transferred to nitrocellulose membranes. The
membranes were incubated with the polyclonal antibodies againsthOGG1 (Novus Biologicals,
Littleton, CO, U.S.A.) at a final concentration of 1.8 ug/ml for 1 h at room temperature. This
was followed by incubation with an anti-rabbit horseradish peroxidase-conjugated antibody
(1:10,000 dilution). For detection of the mOGG1 protein, we used the ECL western blotting
detection kit (Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.). An autoradiograph was
developed, and the signal intensity of the mOGGL1 protein was quantified using Alphalmager
3.2 (Alpha Innotech, San Leandro, CA, U.S.A.). Preabsorption of the anti-hOGG1 antibody
with its inducing synthetic peptide eliminated the protein bands detected in western blots. After
mOGG1 protein detection, the nitrocellulose membranes were submerged in the stripping
buffer [100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCI (pH 6.7)] for 30 min at 70°
C. The stripped membranes were then reprobed with an anti-actin polyclonal antibody (0.4
#g/ml; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) and then with an anti-goat
horseradish peroxidase-conjugated secondary antibody (1:20,000 dilution; Santa Cruz
Biotechnology).

Total RNA was isolated and reverse-transcribed to cDNA (Cui et al., 1999a). A 159-bp cDNA
was amplified using the forward (5'-ttggccaacaaagaactgga-3’) and backward (5'-
ctagccectctggcectcttag-3') primers for the moggla cDNA (Rosenquist et al., 1997). The primers
were from the Sigma Genosys. The moggl cDNA was amplified for 32 cycles in a 25-ul PCR
mix [20 pmol of each primer, 200 uM of each dNTP, 50 mM KCI, 25 mM Tris-HCI (pH 8.3),
1 mM MgCl,, 0.01% gelatin, 2 mM DTT, 0.6 U of Ampli Tag DNA polymerase] with a hot-
start protocol in a thermocycler (Perkin Elmer Cetus) (Cui et al., 1999a). Each PCR cycle
consisted of a denaturation step at 94°C for 45 s, an annealing step at 60°C for 30 s, and an
extension step at 72°C for 60 s. The reaction was terminated by a 10-min extension at 72°C.
Fifteen microliters of the resulting products was resolved in agarose gel (2%) using
electrophoresis and stained by ethidium bromide (1 xg/ml of H,0). The identity of the PCR
product was confirmed by direct sequencing using the dideoxy NTP sequencing method (Liu,
1993).

oh8dG-removing activity in nuclear extracts of mouse brain

The specificity for removal of 0h8dG in the oligoZ duplexes with oh8dG opposite to a dC, dT,
dA, or dG was examined in the nuclear extracts from mouse brains. One major cleavage product
was detected along with three faint cleavage products (Fig. 1A). The major fragment had the
same mobility as the cleavage product of E. coli endonuclease IV (11-mer with a 3'-OH end).
Figure 1B shows that the nuclear extracts excised oh8dG with the greatest efficiency on the
DNA duplex with oh8dG/dC (100%, or 20 fmol/mg of protein), with less efficiency on the
DNA duplex with och8dG/dT (28% of the efficiency on oh8dG/dC), and with little efficiency
on oh8dG/dG (10% of the efficiency on 0oh8dG/dC) and oh8dG/dA (5% of the efficiency on
o0h8dG/dC). Increasing concentrations of MgCl, in the reaction mix reduced this enzyme
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activity (data not shown). This specificity to remove oh8dG from oligoZ duplex suggests that
OGG1 accounts for the primary activity in the nuclear extract (Monden et al., 1999).

Elevation of DNA base lesions in nuclear genes

We have previously used a fragment shift assay to show an elevation of DNA lesions in
indicator gene coding for DNA polymerase £ and actin from the mouse brain after cerebral
ischemia—reperfusion (P. K. Liu et al., 1996). In the current study, we used the assay to show
DNA lesions in another indicator gene (the c-fos gene). The signal intensities indicated the
amount of intact c-fos gene. In the current assay, we noted that the signal intensity in samples
without Fpg were weaker at early reperfusion time points than at late reperfusion time points
(Fig. 2). This could be the result of strand breaks in the nuclear DNA of the mouse brain that
occur during early reperfusion following 90 min of ischemia (Huang et al., 2000). Because we
were interested in knowing if nuclear genes contained base modification damage, we compared
samples with and without Fpg protein at each reperfusion time point. A decrease in intensity
in the sample with Fpg protein treatment suggests the presence of Fpg protein-sensitive sites
(FPGSS). Figure 2 shows that the intensity of the c-fos gene treated with Fpg protein was
decreased during the first 10-30 min of reperfusion after 90 min of ischemia, indicating the
presence of increasing FPGSS in the c-fos gene. At 30 min of reperfusion, we observed no
signal in either strand of the mouse c-fos gene with Fpg protein treatment (Fig. 2). Therefore,
the c-fos gene at 30 min of reperfusion contained at least one hit per strand, that is, two base
lesions per gene. We observed the reappearance of the c-fos signal in DNA samples at 60 and
120 min after 90 min of ischemia. Our results suggest that a resistance to Fpg protein, or a
reduction of DNA base lesions, occurs beginning between 30 and 60 min of reperfusion.
Therefore, the data suggest an active DNA repair process in the mouse brain with FbIR.

Increase in nuclear OGG1 activities after FbIR

The gradual increase of FPGSS in the c-fos gene before 30 min of reperfusion, followed by a
decrease of DNA damage observed at 60 min of reperfusion, suggests that DNA lesions can
be repaired after cerebral ischemia. To determine if the observed reappearance of the c-fos
gene at 60 and 120 min of reperfusion after FbIR correlated with an increase in the base excision
repair activity in the nucleus, we examined the level of mMOGG1 activity in nuclear extracts
isolated from normal and ischemic mouse brains. The endogenous nuclear OGG1 activity was
measured as the ability of the nuclear extracts to nick the oligoZ duplex containing a single
oh8dG lesion opposite the dC base. We chose to use the oligoZ duplex containing an oh8dG/
dC base pair for this experiment because FPGSS (i.e., ch8dG) have been detected after
oxidative stress in rat and mouse brains (J. Liu et al., 1996; P. K. Liu et al., 1996; Cui et al.,
1999b). One major cleavage product of 11-mer and several less intense products were detected
(Fig. 3). The major OGG1 product did not appear to have the same mobility as the cleavage
product using E. coli Fpg protein (3'-PO4 ends; Fig. 3). Moreover, that the three less intense
fragments present in samples after mouse nuclear extracts were smaller than the 11-mer product
suggests that enzymes other than mOGG1 may have further digested the product. Furthermore,
the nuclear extracts did not significantly cleave the DNA duplex containing dG/dC under the
condition in which OGG1 excised 0h8dG from the oligoZ duplex (data not shown). We found
that the endogenous nuclear OGG1 activity was significantly higher in all FbIR groups than
in the non-FbIR control groups. The peak activity occurred with 90 min of ischemia followed
by 30 min of reperfusion; a two- to threefold increase over the control level was observed (Fig.
3C). The elevated nuclear OGG1 activity was observed in samples from individual animals
(Fig. 3B) as well as in pooled samples from two animals (Fig. 3A), except at the longer
reperfusion times of 120 and 240 min. When oligoZ was replaced with oligoD, which contains
one AP site in the place of oh8dG, we found that the AP site-removing activity was already
high in the normal brain, and that there was no significant increase in the ischemic brain (data
not shown).
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Increase of idiotype of OGG1 from ischemic mouse brain after FbIR

To address whether DNA repair activity correlates with an increase in the amount of protein
in the nuclear extract, we examined the levels of the mOGG1 protein in the nuclear extracts
using an antibody raised against human OGGL1 protein. The synthetic peptide used to induce
the OGG1 antibody was derived from the hOGG1 amino acids 65-79 and shared high
homology with the corresponding sequences in mOGG1 protein. Using the anti-hOGG1
antibody, we detected one protein with an apparent molecular mass of 40 kDa in nuclear
extracts from mouse brains (Fig. 4A). This peptide had a molecular mass similar to the
recombinant OGG1 protein, which had a molecular mass of 39-40 kDa (Prieto Alamo et al.,
1998;Monden et al., 1999). The 40-kDa protein signal could be eliminated by preabsorption
of the anti-nOGG1 antibody with its inducing peptide (Fig. 4A). Moreover, we found that the
level of the 40-kDa protein was significantly higher in animals that received 90 min of ischemia
and 20 or 30 min of reperfusion than in the non-FbIR control ( p < 0.05; Fig. 4A and B). On
the other hand, the levels of the y-actin gene in the same blot were the same in control and
ischemic brain samples (Fig. 4B and C).

To determine if the elevation of the mOGGL1 peptide was correlated with activation of the
moggl mRNA transcript, we measured the expression of moggl mRNA in 12 animals before
and after FbIR. We observed no increase of the moggl mRNA level in 12 FbIR animals using
RT-PCR and primers that amplified a 159-bp fragment on the 3’ terminus of the moggl cDNA
(Fig. 5). The data suggest that no activation of moggl mRNA transcription occurs in the mouse
brain after FbIR.

DISCUSSION

In the current study, we found that the temporal up-regulation in oh8dG repair activity
correlated positively with the appearance of oxidative damage on the nuclear genes. We also
observed that the increase in the OGGL1 protein (40-kDa peptide), detected using anti-hOGG1
antibodies, correlated positively with an elevation of base excision repair activity in the mouse
brains after ischemia—reperfusion treatment. Base excision repair activity in the mouse brain
has a substrate preference order of ch8dG/dC > 0h8dG/dT > 0h8dG/dG > 0h8dG/dA,
suggesting that the repair activity for oh8dG detected in the mouse brain is most likely from
mOGGL. The data suggest that this enhanced nuclear mOGG1 activity may be secondary to
the increase of 0oh8dG damage in the nuclear genes of the brain. In addition, the up-regulated
mOGGL activity is likely to account for the observed disappearance of base lesions on nuclear
genes (DNA polymerase S, actin, and c-fos genes), especially after 30 min of reperfusion (P.
K. Liu et al., 1996; Cui et al., 1999b).

Three different DNA repair enzymes, mutT, mutY, and mutM, have been found to be involved
in the removal of the majority of oh8dG in E. coli. Mammalian homologues of mutT, mutY,
and mutM have been cloned; they are named 8-oxo-dGTPase, MYH, and OGG1/MMH,
respectively (Sakumi et al., 1993; McGoldrick et al., 1995; Roldan-Arjonaetal., 1997). 8-Oxo-
dGTPase, which hydrolyzes free oh8dGTP nucleotides in the dNTP pool, prevents
incorporation of oh8dGTP nucleotides into the DNA patch during excision repair. MYH
protein is a DNA mismatch glycosylase that cleaves adenines from dA/oh8dG, dA/dG, and
dA/dC mismatches. MutM, usually known as Fpg protein in E. coli, is another DNA
glycosylase. Fpg protein cleaves oh8dG from DNA with oh8dG/dC, oh8dG/dT, or oh8dG/dG
lesions in addition to other lesions such as FappyG and oh5dC (Rabow and Kow, 1997).
Although the OGG1/MMH protein is the mammalian equivalent of E. coli Fpg protein, it is
different from Fpg protein in terms of structure and substrate specificity. Unlike Fpg, the OGG1
protein selectively cleaves the DNA duplex containing the oh8dG/dC pair and acts only weakly
on oh8dG/dT, 0h8dG/dG, and oh8dG/dA (Roldan-Arjona et al., 1997; Rosenquist et al.,
1997; Prieto Alamo et al., 1998). Although we did not purify nuclear mOGG1 from the mouse
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brain, the substrate preference shown by the mOGG1 in the nuclear extract of mouse brain
closely agreed with the substrate preference of hOGG1. This finding is supported by previous
studies that demonstrated that the human OGG1/MMH type 1a protein is the major enzyme
responsible for the endogenous OGG activity detected in the whole-cell extract of human cells
(Aburatani et al., 1997; Monden et al., 1999).

Furthermore, the increase in OGG1 activity and the amount of OGG1 peptide in nuclear
extracts from mouse brain after FbIR suggest that the mOGG1 protein may play a significant
role in base excision repair after FbIR. At least seven hOGG1 mRNAs and peptides (i.e., type
1a, 1b, 2a, 2b, 2c, 2d, and 2e) have been identified as a result of alternative splicing (Kohno et
al., 1998; Nishioka et al., 1999). All seven OGG peptides contain a putative mitochondria-
targeting signal on the N-terminus. Type 1a of OGGL1 protein also has a unique nuclear location
signal on its C-terminus. The type 1a OGG1 peptide has an apparent molecular mass of 36—
40 kDa (Aburatani et al., 1997; Prieto Alamo et al., 1998; Monden et al., 1999; Nishioka et al.,
1999). We detected one 40-kDa peptide in mouse brain nuclear extracts using antibodies
induced by a synthetic peptide derived from hOGGL1. The elimination of the 40-kDa peptide
signal after preabsorption of hOGG1 antibodies with the inducing synthetic peptide suggests
that this nuclear protein from the mouse brain is a homologue of hOGGL.

The increases in mOGG1 activity and its protein in nuclear extracts after the FbIR treatment
coincide with the elevation in DNA base lesions found in the nuclear genes of the brain. We
attempted to detect if there was an increase in the expression of mogg mRNA by amplifying
a constant region of mogg mMRNA using RT-PCR, but we observed no significant increase in
the ischemic brain compared with the control brain. The accumulation of the mOGG1 protein
in brain nuclei after FbIR treatment is unlikely to be due to the transcription activation.
Moreover, we detected very little OGG activity in the cytoplasmic fraction. Thus, it is likely
that the increase in mOGGL protein in the nucleus is a result of an alternative splicing and/or
posttranslational modification after FbIR (Nishioka et al., 1999). We are currently carrying out
experiments to address this issue.

Increases in enzymes that are associated with DNA repair activity after oxidative stress have
been reported (Fornance et al., 1992). Recent studies suggest that the base excision repair
pathway may utilize enzymes, such as poly(ADP-ribose) polymerase, in addition to the
glycosylases and proteins that are involved in nucleotide excision repair, such as the
proliferating cell nuclear antigen (Wilson and Thompson, 1997). This alternative base excision
repair pathway probably repairs oh8dG and could be defective in humans with certain genetic
defects, as described by Reardon et al. (1997). Several previous studies have shown that the
levels of DNA repair proteins such as APE/Ref-1, GADDA45, poly-(ADP-ribose) polymerase,
and Ku80 are either up- or down-regulated in ischemic brain (Jin et al., 1996; Gillardon et al.,
1997; Love et al., 1998; Fujimura et al., 1999; Kawase et al., 1999; Shackelford et al., 1999),
in brain injury (LaPlaca et al., 1999), and in cell culture (Fornance et al., 1992). The direction
of regulation appears to depend on the cell types. For instance, APE/Ref-1 protein in the nucleus
is increased in the granular cells of the ischemia-resistant dentate gyrus but decreased in the
pyramidal cells of the ischemia-vulnerable CAL area (Gillardon et al., 1997; Kawase et al.,
1999). We have also shown that the cells that die as a result of oxidative DNA damage are
mostly nonastrocytes (neurons), even when the astrocytes and neurons contain the same
intensity of oxidative DNA damage immediately following 90 min of forebrain ischemia (Cui
etal., 2000; Huang et al., 2000). These findings suggest that either astrocytes are more resistant
to oxidative DNA damage or astrocytes use a different and more efficient pathway for DNA
repair. A better understanding of DNA damage and repair in the brain may yield new and
important information concerning the mechanisms of neuronal death and provide opportunities
for the development of novel and effective means to reduce or prevent CNS injury.
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FIG. 1.

Endogenous OGG1 activity from normal mouse brain. The specificity of endogenous OGG1
activity on its substrates was examined by incubating nuclear extracts from four non-FbIR
brains (30 xg of protein per reaction, one animal per lane) with 100 fmol of 32P-labeled oligoZ
duplexes with various bases in the complementary oligo DNA (i.e., dG, dA, dT, and dC
opposite to 0h8dG). Lane labeled with “O” was the uncut 22-mer containing oligoZ duplex
without adding nuclear extracts. The AP site containing 32P-labeled oligoD duplex was
incubated with 1 U of E. coli endonuclease 1V and resolved in the lane labeled with “E4+D.”
The results of A were quantitatively analyzed and presented in B.
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FIG. 2.

DNA lesions detected as FPGSS in the c-fos gene. DNA base lesions were detected in genomic
DNA from 24 mouse brains that underwent 90 min of ischemia and various durations (min,
except 2 h) of reperfusion as indicated on top of each lane. Each lane contains DNA from a
pool of four animals having the same reperfusion time. The Fpg protein-treated DNA samples
(+) were resolved in parallel with the same DNA samples without Fpg protein treatment (-).
The blot was hybridized to a cRNA probe (for the nontranscribed strand) from the c-fos gene,
and the autoradiagraph was developed as previously described (P. K. Liu et al., 1996; Cui et
al., 1999b). The blot was then boiled to remove 32P-cRNA and was hybridized to an mRNA
probe of the same gene. The signal intensities in the normal brain are similar to those at the
end of ischemia, that is, “0” time point (P. K. Liu et al., 1996), and are not shown.
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FIG. 3.

Activation of endogenous OGG1 activities in the nuclear extracts of mouse brain after FbIR.
The endogenous nuclear OGG1 activity was measured by incubating 100 fmol of 32P-labeled
oligoZ (0h8dG/dC) duplex with 30 ug of nuclear protein from the control (sham-operated
without FbIR) and FbIR animals. The oligoZ duplex incubated with Fpg protein (lane marked
“Fpg,” 1 Ulassay) or without enzymes (lane labeled as “O”) was also included in each
experiment. Results from control animals (n = 6) and FbIR animals (n = 3 each for 90/30,
90/60, 90/120, and 90/240) are shown in A (reaction in the sample from one animal per lane).
Results from a second experiment in which pooled nuclear extracts from two animals were
used in each reaction and then resolved in each lane are presented in B. A total of 46 animals
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were used in B: 12 animals in the control group, 6 animals each with FbIR of 90/0, 90/10, or
90/20, 8 animals with FbIR of 90/30, and 4 animals each with FbIR of 90/60 or 90/120.
Arrowheads indicate the positions of the major 11-mer digested products of the mouse nuclear
extracts; arrows indicate the 11-mer with 3'-PO4 end (product of Fpg protein). The results in
B (excluding the data at 120 min due to the variation in A) were quantitatively analyzed and
presented in C. Asterisks indicate statistically significant (p < 0.001) differences from the
control samples (one-way ANOVA followed by Tukey analysis).
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FIG. 4.
Increase of MOGGL1 protein in nuclear extracts of the brain after FbIR. Nuclear extracts (20

g of protein per animal per lane) from control animals and animals with FbIR of 90/0, 90/20,
or 90/30 were resolved in sodium dodecyl sulfate—polyacrylamide gel electrophoresis (A and
B) and analyzed using anti-hOGG1 polyclonal antibodies in western blot. In A, an additional
blot was probed with anti-hOGG1 antibodies that had been preadsorbed with its inducing
synthetic peptide. In another experiment, the nitrocellulose membrane was stripped after
mOGGL1 protein detection and then reprobed with anti-actin antibodies (B, bottom). The level
of mOGG1 protein in B was analyzed using the Alphalmager and was found to be significantly
(t test, p < 0.05) increased in the 90/30 FbIR group compared with the control (C).
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FIG. 5.

Expression of mOGG1 mRNA in nuclear extracts of the brain after FbIR. A 159-bp mOGG1
cDNA from the cortices of 12 animals (2 each for control lanes 1-2 and 90/0, 90/30, 90/60,
90/120, or 90/240 FbIR lanes 3-12, respectively) was individually amplified by RT-PCR and
resolved in agarose gel (2%).
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