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Cockayne Syndrome B Protects Against
Methamphetamine-Enhanced Oxidative DNA Damage
in Murine Fetal Brain and Postnatal
Neurodevelopmental Deficits

Gordon P. McCallum]"* Andrea W. Wong!"* and Peter G. Wells'?

Abstract

Methamphetamine (METH) increases the oxidative DNA lesion 8-oxoguanine (8-0xoG) in fetal mouse brain, and
causes postnatal motor coordination deficits after in utero exposure. Like oxoguanine glycosylase 1 (OGG1), the
Cockayne syndrome B (CSB) protein is involved in the repair of oxidatively damaged DNA, although its
function is unclear. Here we used CSB-deficient Csb™/™ knockout mice to investigate the developmental role of
DNA oxidation and CSB in METH-initiated neurodevelopmental deficits. METH (40 mg/kg intraperitoneally)
administration to pregnant Csb females on gestational day 17 increased 8-oxoG levels in Csb™/™ fetal brains
(p<0.05). CSB modulated 8-0xoG levels independent of OGG1 activity, as 8-oxoG incision activity in fetal
nuclear extracts was identical in Csb™/™ and Csb*/*mice. This CSB effect was evident despite 7.1-fold higher
OGGT activity in Csb*/* mice compared to outbred CD-1 mice. Female Csb™/™ offspring exposed in utero to
METH exhibited motor coordination deficits postnatally (p <0.05). In utero METH exposure did not cause
dopaminergic nerve terminal degeneration, in contrast to adult exposures. This is the first evidence that CSB
protects the fetus from xenobiotic-enhanced DNA oxidation and postnatal functional deficits, suggesting that
oxidatively damaged DNA is developmentally pathogenic, and that fetal CSB activity may modulate the risk of

reactive oxygen species-mediated adverse developmental outcomes. Antioxid. Redox Signal. 14, 747-756.

Introduction

ETHAMPHETAMINE (METH, “speed,” “ice”) is an ad-

dictive psychomotor stimulant that is neurotoxic in
humans and adult animal models [reviewed in (7)]. Despite
the widespread use of METH in women of childbearing age,
little is known about the long-term effects of gestational ex-
posure to this drug. In humans, in utero METH exposure of the
fetus is associated with structural anomalies as well as post-
natal functional deficits (10, 38).

It has been proposed that METH-initiated neurotoxicity
occurs through the generation of reactive oxygen species
(ROS) (6, 21) that can cause damage to cellular macromole-
cules, including DNA. Oxidative DNA damage, in particular,
the lesion 8-oxoguanine (8-0x0G), may mispair with adenine,
resulting in transversions mutations, or alternatively, alter the
DNA binding of nuclear transcriptions factors and/or block

RNA polymerase, resulting in altered or delayed transcription
of proteins (17, 35, 40).

Previously, we have shown that CD-1 embryos and fetuses
exposed to METH in utero have increased oxidative DNA
damage in brain and liver, and exhibit postnatal motor coor-
dination deficits (22). Unlike adult mice treated with METH,
striatal dopaminergic nerve terminal degeneration is not de-
tected in mice exposed to the drug in utero. Also, oxoguanine
glycosylase 1 (0Ogg1) knockout mice, which are deficient in base
excision repair (BER) of 8-oxoG, are more susceptible to METH-
enhanced oxidative DNA damage and postnatal neurodeve-
lopmental deficits, indicating that oxidative DNA damage
plays a role in the pathogenic mechanism of METH (52).

In addition to OGG1, repair of 8-oxoG may involve
the Cockayne syndrome B (CSB) protein, which is deficient in
80% of Cockayne syndrome (CS) patients [reviewed in (28)].
CSB is involved in the transcription-coupled repair (TCR)
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subpathway of nucleotide excision repair, which removes UV-
induced and other bulky helix distorting lesions from actively
transcribed genes (48). Additional roles of CSB in DNA me-
tabolism have been speculated to account for the greater se-
verity of symptoms in CS patients compared to patients with
xeroderma pigmentosum, the latter of whom often have
combined defects in the TCR and global genome repair sub-
pathways of nucleotide excision repair. Numerous studies in
cell lines and mice deficient in CSB protein have observed an
enhanced sensitivity to treatments that initiate oxidative DNA
damage (13, 14, 42, 45). The precise role of CSB in the repair of
oxidatively damaged DNA has not been elucidated, but may
include its involvement in TCR. Spivak and Hanawalt con-
cluded that little repair of 8-0x0G can occur within transcription
complexes in plasmid sequences in CSB-deficient fibroblasts
transfected with reporter plasmids containing randomly in-
duced oxidative lesions. A role for CSB in the TCR of 8-oxo-G is
also supported by the observation of a 40%-50% reduction in
luciferase activity in Csb™™ knockout mouse embryo fibro-
blasts (MEFs) compared to wild-type MEFs when transfected
with a luciferase reporter gene containing a single 8-oxo-G
residue in the transcribed strand (35). CSB may also participate
in the BER of 8-0x0G. Human cells expressing CSB mutations
have a decreased capacity to repair 8-oxoG presumably due in
part to a downregulation of expression of OGG1 mRNA (15,
44), and CSB-deficient cells accumulate more 8-0xoG than wild-
type cells after exposure to gamma irradiation (45, 46).

We hypothesized that 8-0xoG is a pathogenic molecular
lesion that causes neurodevelopmental deficits, and knockout
mice deficient in the Csb gene are more susceptible to en-
hanced fetal oxidative DNA damage and neurodevelop-
mental deficits resulting from in utero exposure to xenobiotics
like METH that enhance the fetal formation of ROS. Our re-
sults provide the first evidence that, in addition to OGG1, CSB
protects the fetus from xenobiotic-enhanced DNA oxidation
and postnatal functional deficits, suggesting that oxidatively
damaged DNA is developmentally pathogenic, and that in-
dividual variations in fetal CSB activity may contribute to the
risk of ROS-mediated adverse developmental outcomes.

Materials and Methods
Chemicals

8-0x0-2'-deoxyguanosine (8-oxo-dG) was obtained from
Cayman Chemical Co., nuclease P1 and Escherichia coli alka-
line phosphatase from Sigma-Aldrich, chloroform:isoamyl
alcohol:phenol (24:1:25) from Life Technologies, Inc. and
proteinase K from Roche Diagnostics. All other reagents used
were of analytical or high-performance liquid chromatogra-
phy (HPLC) grade.

Drugs

Pure racemic (d/I)-METH was provided by the Healthy
Environments and Consumer Safety Branch of Health Cana-
da. The identity and absolute purity of (d/I)-METH was de-
termined by diode array detection using a Bio-Rad REMEDi™
HS system and confirmed by liquid chromatography-mass
spectrometry-mass spectrometry.

Mice

The generation of a CSB-deficient knockout mouse model
has been previously described (47). Heterozygous (+/m) fe-
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males were housed overnight three to a cage with a +/m male
breeder. The presence of a vaginal plug the next morning was
designated as gestational day (GD) 1. Pregnant females were
isolated and housed in plastic cages with ground corn-cob
bedding (Beta Chip; Northeastern Products) and maintained
in temperature-controlled rooms with a 12-h light-dark cycle.
Food (Laboratory Rodent Chow 5001; Ralston Purina) and tap
water were provided ad libitum. All animal studies were ap-
proved by the University of Toronto Animal Care Committee
in accordance with the standards of the Canadian Council on
Animal Care.

Animal treatment

Drugs were dissolved with sterilized 0.9% saline, and the
drug or its vehicle was injected intraperitoneally in a fixed
volume of 0.1 ml/10 g body weight. Mice were administered a
single dose of METH (40 mg/kg) or 0.9% saline (vehicle) on
GD 17 at 10:00 h. For analysis of DNA oxidation and 8-oxoG
repair activity, pregnant dams were sacrificed 4 h after drug
treatment, the time of maximal oxidative DNA damage in
fetal brain (22), and the fetal brain and liver were isolated.
Isolated organs were subsequently rinsed in ice-cold 1.15%
KCl solution, snap-frozen in liquid nitrogen, and stored at
—80°C until sampling. Fetal tails were frozen for genotyping.
For behavioral studies, dams were allowed to deliver spon-
taneously, and tail snips were obtained from the offspring for
genotyping. For immunohistochemistry, brains were isolated
and fixed in 10% formalin until further processing.

Genotyping

DNA was isolated from fetal or adult tail snips using a
standard DNA extraction kit (Sigma-Aldrich). Purified DNA
(100-300ng) was added to a PCR master mix containing
50 mM KCI, 10 mM Tris-HCl, pH 8.3, 2mM MgCl,, primers,
0.8mM deoxynucleoside triphosphates, 0.02U/1 Taq poly-
merase and ddH,0O. The primers (0.43 uM) used to amplify
the bands (195bp for the wild-type allele [CSB6-CSB4] and
490bp for the targeted allele [CSB6-CSB5]) were CSB4 (5'-
GCTGCTTATAATAATCCTCATCTCC-3'), CSB5 (5'-ATCTG
CGTGTTCGAATTCGCCAATG-3'), and CSB6 (5-GTCTTCT
GATGACGTTAGCTATGAG-3'). The final reaction volume
was 45 ul. Samples were placed in a thermal cycler (Eppendorf
Master Cycler® Gradient, Eppendorf Scientific Inc., West-
bury, NY) and run under the following conditions: 94°C,
1min; followed by 30 cycles of 94°C, 1min; 58°C, 1.5min;
72°C, 2min, and a final extension at 94°C for 10 min. PCR
samples were combined with a 10x gel loading buffer (0.24%
bromophenol blue; 0.25% xylene cyanol and 15% Ficoll type
400 in ddH,0) and loaded onto a 1.5% agarose gel prepared
with 1xTRIS-acetic acid-ethylenediaminetetraacetic acid
(EDTA) running buffer and ethidium bromide. The agarose
gel was run at a constant 100 V for 1 h, viewed under UV light,
and photographed.

Analysis of METH-initiated DNA
oxidation in CSB-deficient mice

Brain and liver were homogenized in 500 ul DNA digestion
buffer (100 mM Tris-HCI, pH 8.0; 5mM EDTA, pH 8.0; 0.2%
sodium dodecyl sulfate; and 200 mM NaCl) and allowed to
digest overnight with proteinase K (50 ug/ml) at 55°C. DNA
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was extracted as described previously (29). Isolated DNA
(RNA free) was digested to nucleotides by incubation with
nuclease P1 and incubated with E. coli alkaline phosphatase,
and the resulting deoxynucleoside mixture was filtered and
analyzed by HPLC with electrochemical (EC) detection.

Detection of 8-oxo-dG

Oxidation of 2’-deoxyguanosine to 8-oxo-dG was quanti-
fied using an isocratic Series 200 HPLC system (Perkin-Elmer
Instruments LLC) equipped with a 5-um Exsil 80A-ODS C-18
column (5 cmx4.6 mm; Jones Chromatography, Ltd.), an EC
detector (Coulochem® 1I), a guard cell (model 5020), an ana-
lytical cell (model 5010) (Coulochem, ESA, Inc.), and an in-
tegrator (Perkin-Elmer NCI 900 Interface). Samples were
filtered (0.22 um), injected into the HPLC-EC system, and
eluted using a mobile phase consisting of 50 mM KH,PO,
buffer (pH 5.5)-methanol (95:5, v/v) at a flow rate of
0.8 ml/min with a detector oxidation potential of +0.4V (50,
51). Chromatographs were analyzed using the TotalChrom
chromatography software version 6.2.0 (Perkin-Elmer In-
struments LLC).

Immunohistochemistry

Brain sections (5um) were deparaffinized in xylene and
ethanol, followed by a high temperature unmasking in 0.01 M
sodium citrate buffer (pH 6.0) for 5 min. Tissue sections were
blocked for 3 h with 3% bovine serum albumin, 20 mM MgCl,,
0.3% Tween 20, and 5% goat serum in phosphate-buffered
saline followed by an overnight incubation with the goat anti-
rabbit tyrosine hydroxylase (TH) primary antibody (1:600;
Chemicon International, Inc.). Sections were incubated with
biotinylated goat anti-rabbit IgG reagent (1:200; Vector La-
boratories) for 30min at room temperature. To quench en-
dogenous peroxidase activity, slides were incubated in 3%
H,0; in methanol for 30 min at room temperature. Detection
was performed using the Vectastain Elite ABC Reagent kit
and 3,3'-diaminobenzidine kit (Vector Laboratories).

Behavioral studies

Mice were conditioned and trained on a constant-speed
rotarod before performing the motor coordination test.
Briefly, mice were required to perch on the stationary rod for
30 to accustom themselves before being allowed to run with
the rod rotating at a constant speed of 5rpm for 90s. Once
conditioned, mice were tested at a constant speed of 20 rpm.
The performance time and speed at which the mice fell from
the rod were recorded at 6, 8, 10, and 12 weeks postnatally,
and an average performance was calculated for each mouse.

8-0x0G repair activity

8-0x0G repair activity was assayed by an oligonucleotide
incision assay using as the substrate a double-stranded oli-
gonucleotide containing a single 8-oxoG residue. Briefly,
100nmol of a 49-mer oligonucleotide containing a single,
internal 8-oxoG residue (5-TAGACATTGCCATTCTCGA
TA-8-0x0G-GATCCGGTCAAACCTAGACGAATTCCG-3'; [se-
quence from (24)] (Sigma-Genosys) was labeled at the 3'-
terminus with biotin (Pierce Biotechnology, Inc.). The labeled
oligonucleotide was annealed to a twofold molar excess of
its complementary sequence (5-CGAATTCGTCTAGGTTT
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GACCGGATCCTATCGAGAATGGCAATGTCTA-3) with
C opposite 8-0xoG, using an annealing buffer (0.1 M NaCl,
10 mM Tris-HCl, pH 7.4, 1 mM EDTA), by heating to 95°C for
5min, and cooling to room temperature.

Nuclear extracts were prepared from adult or fetal (GD 17)
brains and livers according to the small-scale procedure de-
scribed by Lee et al. (27) with modifications. Briefly, 100 mg
tissues samples were homogenized in 1 ml of buffer A (10 mM
HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, and 0.5 mM DTT)
and centrifuged at 1000 g for 10min at 4°C. The pellet was
resuspended in 140 ul of buffer C (20 mM HEPES, pH 7.9, 25%
glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2mM EDTA, 10 mM
KCl, 0.5mM DTT, and 0.5mM PMSF) and mixed gently for
30min at 4°C. The nuclear debris was pelletted by spinning
for 10 min at 14,000 g and the supernatant dialyzed against
buffer D (20mM HEPES, pH 7.9, 20% (v/v) glycerol, 0.1 M
KCL, 0.2mM EDTA, 0.2mM PMSF, and 0.5mM DTT) for 4h
using Slide-A-lyzer® Mini Dialysis units (Pierce Biotechnol-
ogy, Inc.). The protein concentration was determined by the
bicinchoninic acid method (Pierce Biotechnology, Inc.), and
the nuclear extracts were stored at —80°C before use.

Incision reactions (20 ul) contained 25mM Tris-HCl (pH
7.6), 5mM EDTA, 50 mM KCl, 500 fmol of biotin labeled oli-
gonucleotide duplex, and 2.5-20 ug of nuclear protein (or
purified formamidopyrimidine glycosylase enzyme [2 units;
Trevigen]) as a positive control. The reactions were incubated
for 1h at 37°C and were terminated by the addition of 0.8 ul of
both 5 mg/ml Proteinase K and 10% sodium dodecyl sulfate
followed by incubation at 55°C for 15 min. DNA was ethanol-
precipitated by the addition of 20 ug of glycogen and 5.9 ul of
7.5 M ammonium acetate and 60 ul of ethanol. The dried DNA
pellet was resuspended in loading buffer (80% formamide,
50 mM Tris-borate, 1 mM EDTA, pH 8.0, 0.1% cyanol [w/v],
and 0.1% bromophenol blue [w/v]) and resolved by dena-
turing electrophoresis in a 15% polyacrylamide (19:1) gel
containing 8.3 M urea. After electrophoresis samples were
transferred (80V; 1h) in 50 mM Tris-borate, pH 8.3, 1 mM
EDTA buffer to a Biodyne B nylon membrane (Pall Life Sci-
ences) using a Mini Trans-Blot® electrophoretic transfer cell
(Bio-Rad). DNA was cross-linked to the membrane using a GS
Gene Linker® UV chamber (Bio-Rad) set at program mode
C-L (125m]). Biotin-labeled DNA was detected using a Pho-
totope®—Star detection kit (New England Biolabs, Ltd.)
according to the manufacturer’s instructions.

Quantification of 8-oxoG incision activity data

Gel images were captured under linear exposure condi-
tions using an Alpha Innotech Fluorochem™ gel documen-
tation system (Cell Biosciences). Band intensities were
calculated using the 1D-multi lane densitometry tool in the
AlphaEase® FC software package (version 6.0). The percent-
age of cleaved product was calculated by dividing the mean
integrated density of the cleaved product band by the sum of
the mean integrated densities of the cleaved product and
substrate bands.

Statistical analysis

Statistical significance of differences between paired data
was determined by the two-tailed Student’s t-test, whereas
multiple comparisons among groups were analyzed by one-
way analysis of variance with a subsequent Tukey’s test
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(GraphPad Prism® 3.02; GraphPad Software, Inc.). The level
of significance was determined to be at p < 0.05.

Results

Oxidative DNA damage is increased in METH-exposed
GD 17 fetal brain in CSB-deficient mice

In fetal brain, there were no significant differences in oxi-
dative DNA damage among saline-exposed wild-type (+/+)
CSB-normal, or +/m or homozygous (m/m) CSB-deficient
fetuses (Fig. 1). However, with METH exposure, a 58% in-
crease in 8-oxoG levels in m/m versus +/+ fetal brains was
observed (p <0.05). Oxidative DNA damage was also ele-
vated in fetal brain in METH-exposed m/m fetuses compared
to saline-exposed controls of the same genotype (p =0.0002),
and in +/m fetuses exposed to METH compared to saline-
exposed fetuses of the same genotype (p < 0.02).

No increase in fetal liver DNA oxidation
levels in METH-exposed CSB-deficient mice

In fetal liver, in utero METH exposure did not cause an
increase in 8-0xo0G levels compared to saline-exposed controls
(Fig. 2). Additionally, no significant differences in DNA oxi-
dation were observed among saline-exposed +/+, +/m, or
m/m- littermates, nor among METH-exposed fetuses of dif-
ferent Csb genotypes (Fig. 2).

1.84
rai c

3 1.6 &e:?l Brain 7,28y METH dose
+H X: number of dams (mglkg):

1.4+
£ ¥: number of fetuses
@ (717)
g 1.2 .

- (4]
< 1.0 40
o
5’ 0.8
9 0.6 0
o
3 0.4
) (6.14) (6,10
g 0.2+ 742)
Q 6 T T T
++ +m m/m
Fetal Csb genotype
FIG. 1. Increased DNA oxidation in Cockayne syndrome

B (CSB)-deficient fetal brain after in utero methamphet-
amine (METH) exposure. METH was dissolved in 0.9%
saline and administered in a single dose (40mg/kg intra-
peritoneally) to gestational day (GD) 17 pregnant Csb™/™
dams mated with Csb™/™ males. Control dams were treated
with the saline vehicle. The dams were sacrificed 4h after
injection. Tissue was isolated from fetal brain and analyzed
for oxidative DNA damage reflected by 8-oxoguanine (8-
ox0G) formation. °p <0.05 indicates a dlfference between
+/+ and m/m fetal brains exposed to METH. ®p <0.02 in-
dicates a difference between 40 mg/kg and the correspond-
ing saline control in +/m fetal brains. “p =0.0002 indicates a
difference between METH and the corresponding saline
control in m/m fetal brains. (X,Y) indicates the number of
dams (X) and fetuses (Y) analyzed.
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FIG. 2. No increase in fetal liver oxidative DNA damage
after in utero METH exposure. Pregnant Csb™/™ dams were
treated on GD 17 as described in fig. 1, and 8-oxoG levels
were analyzed in fetal liver 4h later. No significant differ-
ences were observed in oxidative DNA damage among
saline-exposed +/+, +/m, or m/m littermates, nor among
METH-exposed fetuses of different CSB genotypes.

Enhanced motor coordination deficits in female
CSB-deficient mice exposed in utero to METH

Motor coordination deficits were observed in METH-
exposed m/m female offspring compared to saline controls
(p <0.05). No significant differences were observed in METH-
exposed +/m and + /4 female offspring compared to saline
controls (Fig. 3). A similar trend for decreased rotarod per-
formance was observed in CSB-deficient males exposed to
METH, but the differences were not statistically significant
(Fig. 3).

Absence of postnatal striatal dopaminergic nerve
terminal degeneration in CSB-deficient offspring
exposed in utero to METH

Brain sections from 12-week-old mice that were exposed in
utero to METH on GD 17 were stained for TH indicative of
dopaminergic nerve terminals. Unlike in adult mice treated
with METH (21), there was no evidence of postnatal degen-
eration of nerve terminals after METH exposure in CSB-
deficient mice compared to wild-type littermates, nor com-
pared to saline controls (Fig. 4).

8-0x0G incision activity

Due to potential product inhibition at high rates of inci-
sion (53), we employed a substrate concentration that yiel-
ded 5%-10% product conversion to allow an adequate
signal-to-noise ratio to accurately quantify the rate of 8-oxoG
incision activity (36). We found that a 25nM substrate con-
centration produced a linear increase in incision rate be-
tween nuclear extract amounts of 2.5 and 10 ug from fetal
brain and liver in both Csb*/* and Csb™™ mice with satu-
ration beginning at 20 ug of nuclear extract (Fig. 5A; data not
shown). The same level of 8-0xoG incision activity was de-
tected in 5 ug of nuclear extract from Csb™/* GD 17 fetal brain
and liver with an incision rate of 7.9% (Figs. 5B and 6). No
statistically significant difference in incision activity was
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FIG. 3. Motor coordination deficits in CSB-deficient off-
spring exposed in utero to METH. Pregnant Csb"/™ dams
were treated on GD 17 as described in Figure 1, and motor
coordination impairment was assessed in the offspring using
the rotarod test at 6, 8, 10, and 12 weeks after birth. The
average latency or time at which the mice fell from the ro-
tating rod was calculated. (x,y) indicates the number of dams
(x) and fetuses (y) analyzed. (A) Females. *p < 0.05 indicates a
difference between METH exposed m/m compared to the
corresponding saline control. +/+[saline (14,16), METH
(11,11)] +/m [saline (15,20), METH (11,13)]; m/m [saline
(9,10), METH (10,10). (B) Males. +/+ [saline (11,13), METH
(14,14); +/m [saline (16,18), METH (12,21)]; m/m [saline
(10,10), METH (9,11).

observed in 5 ug of nuclear extract from Csb™/™ GD 17 fetal
brain and liver compared to Csb*/* extracts with relative
incision activities of 7.3% and 7.0%, respectively (Figs. 5B
and 6). We obtained similar results using 2.5 ug of nuclear
extract. Incision rates for Csb™/* GD 17 fetal brain and liver
were 4.2% and 4.1%, respectively, with incision rates of 3.9%
and 3.7% being observed for GD 17 fetal brain and liver in
Csb™/™ mice.

Comparison of incision rates in GD 17 fetal brain nuclear
extracts from Csb*/™ mice and outbred CD-1 mice revealed
7.1-fold higher repair activity in Csb™/* mice (Fig. 7).

Discussion

The results from this study provide the first evidence for
the increased susceptibility of CSB-deficient knockout fe-
tuses to oxidative DNA damage and postnatal neurodeve-
lopmental deficits after in utero exposure to METH,
indicating the importance of CSB-mediated repair in pro-
tecting the fetus from ROS-initiated oxidative DNA damage
during development. These observations in CSB-deficient
mice corroborate results from OGG1-deficient mice (52), in-
dicating that oxidatively damaged DNA is developmentally
pathogenic, and contributes to the mechanism of METH
teratogenicity.
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The increase in oxidative DNA damage, as well as sus-
ceptibility to postnatal motor coordination deficits, in CSB-
deficient offspring exposed to METH compared to wild-type
littermates was not as dramatic as in CD-1 outbred mice and
Ogg1 knockout mice (22, 52). To investigate the mechanism
responsible for the relative resistance of the Csb*/* mice to
METH-initiated 8-oxoG formation and subsequent postnatal
motor coordination deficits, we compared 8-0xoG repair ca-
pacity in the fetal brain of the Csb™/* mice to that in the more
sensitive CD-1 strain. This comparison revealed a dramatic
7.1-fold higher OGG1-dependent 8-oxoG incision activity in
the Csb*/* mice. A previous report supported an OGGI-
independent accessory role for CSB in 8-oxoG repair: Ogg1 ™/~
knockout MEFs repaired 8-oxoG faster than Csb™/™ /Ogg1~/~
double knockout cells, but cells from Csb™/™ mice did not
accumulate 8-oxoG at significantly higher rates than wild
types with age, in contrast to cells from Oggl1~/~ mice (34).
Thus, the less dramatic increases in 8-oxoG observed in this
study of Csb™/™ mice, compared with our previous studies in
CD-1 and Ogg1~/~ mice (22, 52), may be accounted for by the
substantially higher intrinsic OGG1-dependent 8-0xoG repair
activity in the Csb strain, together with the secondary inde-
pendent role that CSB plays in 8-0xoG repair. The enhanced
susceptibility to oxidative DNA damage in METH-exposed
fetal brains from Csb™/™ mice was not observed in fetal liver,
and may reflect tissue-specific differences in CSB function,
ROS formation and/or activity of antioxidative enzymes. In
regard to ROS formation, a contributing factor could be
greater ROS formation in the brain secondary to monoamine
metabolism. In addition, we have shown that prostaglandin
H synthase, which is constitutively expressed in brain but not
liver, can bioactivate METH to free radical intermediates ca-
pable of producing ROS-initiated formation of 8-oxoG in
adult brain (21).

The importance of functional CSB in the developing brain is
reflected by the characteristics of CS patients, which include
mental growth retardation, microcephaly, progressive neu-
rological and retinal degeneration, and delayed psychomotor
development (32). Further, neuropathological examinations
have revealed various changes in the CNS indicative of neu-
rodegeneration (5, 18, 20, 25). Enhanced oxidative stress
caused by xenobiotic exposure combined with CSB deficiency
may result in more severe or additional developmental con-
sequences in embryos or fetuses. However, there was no ev-
idence of increased in utero death of +/m or m/m fetuses with
or without METH exposure.

A potential gender difference was evident. Although male
METH-exposed CSB-deficient offspring exhibited a trend for
decreased rotarod performance, the differences were not
significant, unlike with the METH-exposed CSB-deficient fe-
male offspring. This may reflect a reduced sensitivity of this
measure in male mice as their basal performance is approxi-
mately two-thirds that of female mice. The enhanced sus-
ceptibility of female mice maybe due to disruption of
hormonally dependent pathways. Recent evidence suggests
that transcription of estrogen responsive genes is regulated by
a controlled DNA damage and repair response (37), and it is
possible that female mice are more susceptible due to 8-oxoG
dysregulation of this hormone-dependent signaling pathway.
We have observed a similar gender difference for decreased
rotarod performance in offspring exposed in utero to METH in
some (52), but not other (22), strains of mice.
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tive control: reduced TH staining
of adult CD-1 mice treated 1 week
e P previously with 40mg/kg of
METH.

m/m

In BER, CSB may regulate OGG1 expression, as a decreased
ability to repair 8-oxoG in CS-B cells is associated with a
downregulation of human OGGI mRNA and protein levels
(15, 44). Transfection of the cells with the wild-type CSB gene
increases OGG1 mRNA levels by 50% (15), suggesting that
CSB stimulates the transcription of the OGGI gene. Com-
parable rates of 8-oxoG incision activity were observed in GD
17 fetal brain and liver nuclear extracts from Csb™/™ and
Csb*/* mice, suggesting that the transcriptional regulation of
OGGI1 observed in CSB-deficient human fibroblasts trans-
fected with wild-type CSB (15, 44) does not occur in murine
fetal brain and liver. These observations are consistent with
the findings in whole cell extracts from Csb™/™ and Csb™/*
MEFs where no differences in 8-oxoG incision activity and
Oggl expression were observed (34).

There is evidence for a novel role of the CSB protein in the
repair of 8-oxoG that is independent of both Oggl-dependent
BER and transcription of genes (34). Cells from tissues of
Ogg1~/~/Csb™/™ mice display higher steady-state levels and
accumulation with age of oxidative DNA lesions than Ogg1
knockout mice. Further, 60% of oxidative lesions induced by a
photosensitizer are repaired after 16h in OGG1-deficient
MEFs, whereas only 20% are repaired in Oggl /= /Csb™/™
MEFs, indicating that the predominant role of CSB in the re-
pair of 8-oxoG is independent of OGG1, and that CSB plays an
important role in the repair of 8-oxoG in the absence of OGG1.
The mechanism how CSB participates in this repair pathway
has not been elucidated. Within the nucleus, CSB may coop-
erate with poly(ADP-ribose) polymerase-1 (PARP-1) to stim-
ulate the later steps of BER, as has recently been suggested
(43). Alternatively, CSB may remodel chromatin to allow ac-

cess of DNA repair proteins to the site of the damage (12, 33).
The findings of comparable 8-oxoG incision activity in fetal
brain and liver nuclear extracts from Csb*/*and Csb™/™ mice,
combined with the observations of METH-dependent in-
creases in 8-oxoG in Csb™/™ mice, suggest that CSB is not
involved in the Oggl-dependent incision step of 8-0xoG re-
pair during fetal development and instead may act in an
OGGI- and transcription-independent repair pathway.

CSB may also function in the repair of oxidatively dam-
aged DNA in actively transcribed genes, as evidenced by the
observations of a 40%-50% reduction in luciferase activity in
Csb™™ MEFs compared to Csb*/* MEFs when transfected
with a luciferase reporter gene containing a single 8-oxo-G
residue in the transcribed strand (35). Although the contri-
bution of a TCR pathway to the overall repair of oxidatively
damaged DNA is estimated to be low since it only repairs
DNA on the transcribed sequence, which constitutes <5% of
the genome, the consequences of unrepaired oxidatively
damaged DNA in the transcribed genome could alter ex-
pression of key developmental proteins through alterations
in gene expression. Unrepaired 8-oxoG could potentially
block transcription by RNA polymerase II (49), or lead to
transcriptional mutagenesis by 8-oxoG bypass (11). Experi-
mental discrepancies in the literature regarding the ability of
8-0x0G to block transcription may be explained by recent
observations that the repair level and/or the transcriptional
arrest caused by a unique 8-oxoG lesion varies according to
the promoter strength and nucleotidic sequence surrounding
the lesion (35). CSB also may protect in part through TCR
repair of other unique ROS-initiated DNA lesions, including
lipid peroxidation products adducted to DNA (30), and
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FIG. 5. Endogenous 8-0xoG repair activity in fetal brain I;_—I
nuclear extracts from CSB mice. (A) About 2.5-20pug of 0-
pooled fetal brain nuclear extract (lanes 1-4) from three Csb*/+ Csb (+/+) CD-1

mice was incubated with 25nM of a biotin-labeled oligonu-
cleotide containing 8-oxoG that was annealed to its com-
plementary strand containing C opposite 8-oxoG. Reaction
products were resolved by 15% denaturing polyacrylamide gel
electrophoresis. (B) Lanes 1 and 2: 25nM oligonucleotide in-
cubated with 5 ug of nuclear extract from GD 17 brain from
Csb™/™" fetuses from different litters. Lanes 3 and 4: 25nM
oligonucleotide incubated with 5 ug of nuclear extract from GD
17 brain from Csb™/™ fetuses from different litters.

oxidized DNA lesions other than 8-oxoG, including 8,5'-
cyclopurine-2'-deoxynucleosides (23) and ring-opened for-
mamidopyrimidine lesions (19).

After oxidative stress, CS-B cells display a general defi-
ciency in transcription, suggesting that CSB influences the

(m/m) H

(m/m) H

Fetal Brain

Fetal Liver

0.0 25 5.0 75 10.0

Incision Product (%)

FIG. 6. Densitometric analysis of endogenous fetal brain
and liver 8-0xoG repair activity in nuclear extracts from
Csb"™/" and Csb™'™ mice. Extracts were incubated with a
biotin-labeled oligonucleotide containing 8-oxoG that was
annealed to its complementary strand containing C opposite
8-0x0G. 25nM oligonucleotide incubated with 5 ug of nuclear
extract from GD 17 brain or liver (n =8; mean & SD). Fetuses
were selected randomly and evenly from six different litters.

FIG. 7. Endogenous 8-0xoG repair activity in fetal brain
nuclear extracts from Csb*/* and CD-1 mice. (A) A 10 ug
aliquot of pooled fetal brain nuclear extract from Csb*/* mice
(lanes 1 and 2) and CD-1 mice (lanes 3 and 4) was incubated
with 25nM of a biotin-labeled oligonucleotide substrate
containing 8-oxoG that was annealed to its complementary
strand containing C opposite 8-0xoG. Reaction products
were resolved by 15% denaturing polyacrylamide gel elec-
trophoresis. (B) Densitometric analysis of endogenous fetal
brain 8-0xoG repair activity in nuclear extracts from Csbt/*
and CD-1 mice. The oligonucleotide substrate (25nM) was
incubated with 10 ug of nuclear extract from GD 17 brain
(n=4; mean £ SD). *A difference from CD-1 mice (p < 0.05).

regulation of transcription of certain genes, including those
involved in stress response, DNA repair, cell cycle arrest,
signal transduction, and ribosomal functions (26). Similarly,
defective transcription in Csb™™ mice after oxidative stress
caused by in utero METH exposure may alter expression of
key proteins required for normal brain development.
Previously, we have shown that mouse embryos and fe-
tuses exposed to METH in utero have increased oxidative
DNA damage in brain, and exhibit postnatal motor coordi-
nation deficits (22, 52). Unlike adult mice treated with METH
(7,21), striatal dopaminergic nerve terminal degeneration and
METH-dependent apoptotic cell death is not detected in mice
exposed to the drug in utero (22, 52). DNA repair genes, in-
cluding members of the BER pathway, are upregulated in
adult mice after METH administration, suggesting that in-
creased repair activity may counteract METH-initiated oxi-
dative DNA damage (8). In addition, the observation that
more DNA repair genes are upregulated in wild-type mice
than in c-fos-deficient adult mice, which are more susceptible
to the toxic effects of METH, suggests that the inability to
trigger DNA repair responses contributes to the increased
sensitivity of these mice to the drug. Enhanced 8-oxoG BER
activity in fetal tissues compared to those of adults (16, 52)
may contribute to the absence of METH-initiated apoptotic
changes or dopaminergic nerve terminal degeneration in fetal
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brain. Other contributing factors to the differential fetal versus
adult response may include differences in neurotransmitter
levels and thermoregulatory responses. Mice are born with
around 20% of the dopamine that is observed in adult brain
(1). Early studies indicated that developing mice are more
resistant to lethal doses of amphetamine than adults (2). More
recent work in rats has shown that weanling rats are resistant
to losses of TH-immunoreactivity and dopamine depletion in
the caudate-putamen after METH (9, 39) or amphetamine (3)
treatment. This observed resistance maybe due in part to a
blunted hyperthermic response in young rats as the severity
of METH-induced neurotoxicity correlates with the degree of
hyperthermia induced by treatment in adult rats, with sus-
tained elevations in core temperature between 39.5°C and
41°C required to observe dopaminergic nerve terminal de-
generation in the striatum (4). The studies of Cappon et al. (9)
point out a developmental distinction between METH re-
sponse and hyperthermia between postnatal day (PND) 20
and 40 rats. Both PND 20 and 40 rats are resistant to METH-
induced hyperthermia, neostriatal dopamine depletion, and
elevations in glial fibrillary acidic protein content when dosed
at an ambient temperature of 22°C. However, raising the
ambient temperature to 30°C restores an adult pattern of re-
sponse in PND 40 rats, but not PND 20 rats despite a com-
parable hyperthermic response in PND 20 rats. It is possible
that pregnancy itself affords some protection to the develop-
ing fetus against METH-neurotoxicity through altered ther-
moregulatory responses, given reports of neuroimmune
hyporesponsiveness in late gestation (31, 41). The postnatal
neurodevelopmental deficits observed herein in CSB-deficient
females after in utero exposure to METH, in the absence of
dopaminergic nerve terminal damage observed after adult
exposure (21), is consistent with our results in other mouse
strains (22, 52). These results suggest that the neurodevelop-
mental deficits after in utero exposure may result from altered
formation and/or integration of neural structures, rather than
the degenerative process observed after adult exposures, al-
though contributions from nondopaminergic degenerative
processes cannot be excluded.

In summary, the results from this study are the first to
demonstrate that CSB contributes to the protection of fe-
tus against METH-initiated toxicity. The magnitude of
CSB-mediated developmental protection appears to be
considerably less than that provided by fetal OGG1 (52).
Interindividual variability in the various components of re-
pair of oxidative DNA damage may contribute to the risk of
neurodevelopmental deficits and other anomalies after
exposure to METH and possibly other ROS-initiating te-
ratogens. These findings also support our studies with
OGG1-deficient mice in providing the most direct evidence
to date that oxidatively damaged DNA is pathogenic and
contributes to the mechanism of METH-initiated neuro-
developmental deficits, and perhaps other embryopathic
effects of ROS-initiating teratogens.

Acknowledgments

The authors would like to thank Drs. Gijsbertus van der
Horst (Erasmus University, The Netherlands) and Harry van
Steeg (National Institute of Public Health and the Environ-
ment, The Netherlands) for generously providing the Csb-
deficient mice. These studies were supported by a grant from

McCALLUM ET AL.

the Canadian Institutes of Health Research (CIHR). AWW
was supported by a doctoral award from NSERC and the
Novartis doctoral fellowship from SOT. G.P.M. was sup-
ported by a postdoctoral award from the CIHR /Rx&D Health
Research Foundation.

Author Disclosure Statement

No competing financial interests exist.

References

1. Agrawal HC, Glisson SN, and Himwich WA. Develop-
mental changes in monoamines of mouse brain. [nt | Neu-
ropharmacol 7: 97-101, 1968.

2. Alhava E. Amphetamine toxicity in adult and developing
mice. deltuebligiiicealaloticalatmaeil) 31: 387400, 1972.

3. Bowyer JE. Neuronal degeneration in the limbic system of
weanling rats exposed to saline, hyperthermia or d-
amphetamine. Brain Res 885: 166-171, 2000.

4. Bowyer JF, Davies DL, Schmued L, Broening HW, Newport
GD, Slikker W, Jr., and Holson RR. Further studies of the
role of hyperthermia in methamphetamine neurotoxicity.
LPharmgcol Fap Ther 268: 1571-1580, 1994.

5. Brooks PJ. DNA repair in neural cells: basic science and
clinical implications. Mutat Res 509: 93-108, 2002.

6. Cadet JL and Brannock C. Free radicals and the pathobi-
ology of brain dopamine systems. Neurochem Int 32: 117-131,
1998.

7. Cadet JL, Jayanthi S, and Deng X. Speed kills: cellular and
molecular bases of methamphetamine-induced nerve ter-
minal degeneration and neuronal apoptosis. EASEB | 17:
1775-1788, 2003.

8. Cadet JL, McCoy MT, and Ladenheim B. Distinct gene ex-
pression signatures in the striata of wild-type and hetero-
zygous c-fos knockout mice following methamphetamine
administration: evidence from cDNA array analyses. Sy-
napse 44: 211-226, 2002.

9. Cappon GD, Morford LL, and Vorhees CV. Ontogeny of
methamphetamine-induced neurotoxicity and associated
hyperthermic response. BugigResRezBrai Reg 103: 155-162,
1997.

10. Chang L, Smith LM, LoPresti C, Yonekura ML, Kuo J, Walot
I, and Ernst T. Smaller subcortical volumes and cognitive
deficits in children with prenatal methamphetamine expo-
sure. Psychiatry Res 132: 95-106, 2004.

11. Charlet-Berguerand N, Feuerhahn S, Kong SE, Ziserman H,
Conaway JW, Conaway R, and Egly J]M. RNA polymerase I
bypass of oxidative DNA damage is regulated by tran-
scription elongation factors. EMBO | 25: 5481-5491, 2006.

12. Citterio E, Van Den Boom V, Schnitzler G, Kanaar R, Bonte
E, Kingston RE, Hoeijmakers JH, and Vermeulen W. ATP-
dependent chromatin remodeling by the Cockayne syn-
drome B DNA repair-transcription-coupling factor. Mol Cell
Biol 20: 7643-7653, 2000.

13. de Waard H, de Wit J, Andressoo JO, van Oostrom CT, Riis
B, Weimann A, Poulsen HE, van Steeg H, Hoeijmakers JH,
and van der Horst GT. Different effects of CSA and CSB
deficiency on sensitivity to oxidative DNA damage. Mol Cell
Biol 24: 7941-7948, 2004.

14. de Waard H, de Wit ], Gorgels TG, van den Aardweg G,
Andressoo JO, Vermeij M, van Steeg H, Hoeijmakers JH, and
van der Horst GT. Cell type-specific hypersensitivity to ox-

idative damage in CSB and XPA mice. RNA Repair (Amst) 2:
13-25, 2003.



CSB AND METHAMPHETAMINE IN UTERO

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Dianov G, Bischoff C, Sunesen M, and Bohr VA. Repair of 8-
oxoguanine in DNA is deficient in Cockayne syndrome
group B cells. Nuclejc Acids Res 27: 1365-1368, 1999.
Englander EW and Ma H. Differential modulation of base
excision repair activities during brain ontogeny: implications
for repair of transcribed DNA. Mech Ageing Dew 127: 64-69,
2006.

Hailer-Morrison MK, Kotler JM, Martin BD, and Sugden
KD. Oxidized guanine lesions as modulators of gene tran-
scription. Altered p50 binding affinity and repair shielding
by 7,8-dihydro-8-oxo-2'-deoxyguanosine lesions in the NF-
kappaB promoter element. Biochemistry 42: 9761-9770,
2003.

Hayashi M, Itoh M, Araki S, Kumada S, Shioda K, Tama-
gawa K, Mizutani T, Morimatsu Y, Minagawa M, and Oda
M. Oxidative stress and disturbed glutamate transport in
hereditary nucleotide repair disorders. [_Neuropathol Exp
Neurol 60: 350-356, 2001.

Hu J, de Souza-Pinto NC, Haraguchi K, Hogue BA, Jaruga P,
Greenberg MM, Dizdaroglu M, and Bohr VA. Repair of
formamidopyrimidines in DNA involves different glycosy-
lases: role of the OGG1, NTH1, and NEIL1 enzymes. | Biol
Chem 280: 4054440551, 2005.

Itoh M, Hayashi M, Shioda K, Minagawa M, Isa F, Tama-
gawa K, Morimatsu Y, and Oda M. Neurodegeneration in
hereditary nucleotide repair disorders. Brain Dev 21: 326—
333, 1999.

Jeng W, Ramkissoon A, Parman T, and Wells PG. Pros-
taglandin H synthase-catalyzed bioactivation of amphet-
amines to free radical intermediates that cause CNS regional
DNA oxidation and nerve terminal degeneration. FASEB |
20: 638-650, 2006.

Jeng W, Wong AW, Ting AKR, and Wells PG. Metham-
phetamine-enhanced embryonic oxidative DNA damage
and neurodevelopmental deficits. FigeRadicBiol Med 39:
317-326, 2005.

Kirkali G, de Souza-Pinto NC, Jaruga P, Bohr VA, and
Dizdaroglu M. Accumulation of (5'S)-8,5-cyclo-2'-
deoxyadenosine in organs of Cockayne syndrome comple-
mentation group B gene knockout mice. RNA _Repair (Amst)

30.

31.

32.

33.

34.

35.

36.

37.

755

of 8-hydroxy-2'-deoxyguanosine in vitro and in vivo in mu-
rine maternal hepatic and embryonic tissues. Eree Radic Biol
Med 19: 639-648, 1995.

Maddukuri L, Speina E, Christiansen M, Dudzinska D, Zaim
J, Obtulowicz T, Kabaczyk S, Komisarski M, Bukowy Z,
Szczegielniak ], Wojcik A, Kusmierek JT, Stevnsner T, Bohr
VA, and Tudek B. Cockayne syndrome group B protein is
engaged in processing of DNA adducts of lipid peroxidation
product trans-4-hydroxy-2-nonenal. Mutat Res 666: 23-31,
2009.

Martin SM, Malkinson TJ, Veale WL, and Pittman QJ. Fever
in pregnant, parturient, and lactating rats. Auz [ Physiol 268:
R919-R923, 1995.

Nance MA and Berry SA. Cockayne syndrome: review of
140 cases. A [ Med Genet 42: 68-84, 1992.

Newman JC, Bailey AD, and Weiner AM. Cockayne syn-
drome group B protein (CSB) plays a general role in chro-
matin maintenance and remodeling. RigeNatbdesdeSeilloed
103: 9613-9618, 2006.

Osterod M, Larsen E, Le Page F, Hengstler JG, Van Der
Horst GT, Boiteux S, Klungland A, and Epe B. A global
DNA repair mechanism involving the Cockayne syndrome
B (CSB) gene product can prevent the in vivo accumulation
of endogenous oxidative DNA base damage. Oncogene 21:
8232-8239, 2002.

Pastoriza-Gallego M, Armier J, and Sarasin A. Transcription
through 8-oxoguanine in DNA repair-proficient and
Csb(-)/Oggl(-) DNA repair-deficient mouse embryonic fi-
broblasts is dependent upon promoter strength and se-
quence context. Mutagenesis 22: 343-351, 2007.

Paz-Elizur T, Elinger D, Leitner-Dagan Y, Blumenstein S,
Krupsky M, Berrebi A, Schechtman E, and Livneh Z. De-
velopment of an enzymatic DNA repair assay for molecular
epidemiology studies: distribution of OGG activity in heal-
thy individuals. RNARepaix (Amst) 6: 45-60, 2007.

Perillo B, Ombra MN, Bertoni A, Cuozzo C, Sacchetti S,
Sasso A, Chiariotti L, Malorni A, Abbondanza C, and Av-
vedimento EV. DNA oxidation as triggered by H3K9me2
demethylation drives estrogen-induced gene expression.
Science 319: 202206, 2008.

8: 274-278, 2009.

Klungland A, Rosewell I, Hollenbach S, Larsen E, Daly G,
Epe B, Seeberg E, Lindahl T, and Barnes DE. Accumulation
of premutagenic DNA lesions in mice defective in removal
of oxidative base damage. Rigemhidiimicidmaaimmtma 96:
13300-13305, 1999.

Kohji T, Hayashi M, Shioda K, Minagawa M, Morimatsu Y,
Tamagawa K, and Oda M. Cerebellar neurodegeneration in
human hereditary DNA repair disorders. Neurosci Lett 243:
133-136, 1998.

Kyng KJ, May A, Brosh RM, Jr., Cheng WH, Chen C, Becker
KG, and Bohr VA. The transcriptional response after oxi-
dative stress is defective in Cockayne syndrome group B
cells. Oncogene 22: 1135-1149, 2003.

Lee KA, Bindereif A, and Green MR. A small-scale proce-
dure for preparation of nuclear extracts that support efficient
transcription and pre-mRNA splicing. Geue Auglysis Teck 5:
22-31, 1988.

Licht CL, Stevnsner T, and Bohr VA. Cockayne syndrome
group B cellular and biochemical functions. Ag L Hum Genet
73: 1217-1239, 2003.

Liu L and Wells PG. DNA oxidation as a potential molecular
mechanism mediating drug-induced birth defects: phenyt-
oin and structurally related teratogens initiate the formation

38.

39.

40.

41.

42.

43.

44.

Plessinger MA. Prenatal exposure to amphetamines. Risks
and adverse outcomes in pregnancy. Qbstet Guuecol Cliy
North Am 25: 119-138, 1998.

Pu C and Vorhees CV. Developmental dissociation of
methamphetamine-induced depletion of dopaminergic ter-
minals and astrocyte reaction in rat striatum. Brgin Res Dev
Brain Res 72: 325-328, 1993.

Shibutani S and Grollman AP. Miscoding during DNA
synthesis on damaged DNA templates catalysed by mam-
malian cell extracts. Cancer Lett 83: 315-322, 1994.

Spencer SJ, Mouihate A, Galic MA, and Pittman QJ. Central
and peripheral neuroimmune responses: hyporesponsive-
ness during pregnancy. | Physiol 586: 399-406, 2008.
Spivak G and Hanawalt PC. Host cell reactivation of plas-
mids containing oxidative DNA lesions is defective in
Cockayne syndrome but normal in UV-sensitive syndrome
fibroblasts. RNAReuaiklAust) 5: 13-22, 2006.

Thorslund T, von Kobbe C, Harrigan JA, Indig FE, Chris-
tiansen M, Stevnsner T, and Bohr VA. Cooperation of the
Cockayne syndrome group B protein and poly(ADP-ribose)
polymerase 1 in the response to oxidative stress. Mol Cell Biol
25: 7625-7636, 2005.

Tuo J, Chen C, Zeng X, Christiansen M, and Bohr VA.
Functional crosstalk between hOggl and the helicase



756

45.

46.

47.

48.

49.

50.

51.

52.

domain of Cockayne syndrome group B protein. DNA Repair
(Amst) 1: 913-927, 2002.

Tuo J, Jaruga P, Rodriguez H, Bohr VA, and Dizdaroglu M.
Primary fibroblasts of Cockayne syndrome patients are
defective in cellular repair of 8-hydroxyguanine and 8-
hydroxyadenine resulting from oxidative stress. FASEB [ 17:
668-674, 2003.

Tuo J, Muftuoglu M, Chen C, Jaruga P, Selzer RR, Brosh RM,
Jr., Rodriguez H, Dizdaroglu M, and Bohr VA. The Cock-
ayne syndrome group B gene product is involved in general
genome base excision repair of 8-hydroxyguanine in DNA.
[ Biol Chem 276: 45772-45779, 2001.

van der Horst GT, van Steeg H, Berg R], van Gool A]J, de Wit
J, Weeda G, Morreau H, Beems RB, van Kreijl CF,
de Gruijl FR, Bootsma D, and Hoeijmakers JH. Defective
transcription-coupled repair in Cockayne syndrome B mice
is associated with skin cancer predisposition. Cell 89: 425-
435, 1997.

Venema J, Mullenders LH, Natarajan AT, van Zeeland AA,
and Mayne LV. The genetic defect in Cockayne syndrome is
associated with a defect in repair of UV-induced DNA
damage in transcriptionally active DNA. Rroc Natl Acad Sci
U S A 87: 47074711, 1990.

Viswanathan A and Doetsch PW. Effects of nonbulky DNA
base damages on Escherichia coli RNA polymerase-mediated
elongation and promoter clearance. [ Biol Chem 273: 21276—
21281, 1998.

Wells PG, Kim PM, Laposa RR, Nicol CJ, Parman T, and
Winn LM. Oxidative damage in chemical teratogenesis.
Mutat Res 396: 65-78, 1997.

Winn LM and Wells PG. Evidence for embryonic prosta-
glandin H synthase-catalyzed bioactivation and reactive
oxygen species-mediated oxidation of cellular macromole-
cules in phenytoin and benzo[a]pyrene teratogenesis. Free
Radic Biol Med 22: 607-621, 1997.

Wong AW, McCallum GP, Jeng W, and Wells PG.
Oxoguanine glycosylase 1 protects against methamphetamine-
enhanced fetal brain oxidative DNA damage and neurode-
velopmental deficits. [ Neurosci 28: 9047-9054, 2008.

McCALLUM ET AL.

53. Zharkov DO, Rosenquist TA, Gerchman SE, and Grollman
AP. Substrate specificity and reaction mechanism of murine
8-oxoguanine-DNA glycosylase. [ _Biol Chem 275: 28607-
28617, 2000.

Address correspondence to:
Prof. Peter G. Wells

Faculty of Pharmacy
University of Toronto

144 College St.

Toronto, Ontario M5S 3M?2
Canada

E-mail: pg.wells@utoronto.ca
Date of first submission to ARS Central, October 10, 2009; date

of final revised submission, July 11, 2010; date of acceptance,
August 1, 2010.

Abbreviations Used
8-0x0-dG = 8-0x0-2'-deoxyguanosine
8-0x0G = 8-oxoguanine
BER =Dbase excision repair
CS = Cockayne syndrome
CSB = Cockayne syndrome B
EC = electrochemical
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