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ABSTRACT

Spermatogenic cells exhibit a lower spontaneous
mutation frequency than somatic tissues in a Jacl
transgene and many base excision repair (BER)
genes display the highest observed level of expres-
sion in the testis. In this study, uracil-DNA glyco-
sylase-initiated BER activity was measured in
nuclear extracts prepared from tissues obtained
from each of three mouse strains. Extracts from
mixed spermatogenic germ cells displayed the
greatest activity followed by liver then brain for all
three strains, and the activity for a given tissue was
consistent among the three strains. Levels of various
BER proteins were examined by western blot
analyses and found to be consistent with activity levels.
Nuclear extracts prepared from purified Sertoli cells, a
somatic component of the seminiferous epithelium,
exhibited significantly lower activity than mixed
spermatogenic cell-type nuclear extracts, thereby
suggesting that the high BER activity observed in
mixed germ cell nuclear extracts was not a
characteristic of all testicular cell types. Nuclear
extracts from thymocytes and small intestines were
assayed to assess activity in a mitotically active cell
type and tissue. Overall, the order of tissues/cells
exhibiting the greatest to lowest activity was mixed
germ cells > Sertoli cells > thymocytes > small intes-
tine > liver > brain.

INTRODUCTION

Endogenous sources of spontaneous DNA damage continuously
challenge the integrity of genetic material (1). Unrepaired
DNA damage can have a variety of biological ramifications
including inhibition of transcription and/or replication, apoptosis,
mutagenesis and carcinogenesis. Base damage is thought to
represent a significant proportion of spontaneous damage (2)

and can result in cytotoxicity or mutagenesis if not repaired.
The base excision repair (BER) pathway is the major mechanism
for ameliorating spontaneous base damage (3).

In general, BER involves the action of specific DNA glyco-
sylases that catalyze hydrolysis of the N-glycosylic bond
leaving apurinic/apyrimidinic (AP) sites in DNA. These lesions
are further processed by an AP endonuclease (APE) (3,4). ADNA
polymerase fills in the resulting gap, the 5’-terminus is processed
to leave a 5" phosphate group and a DNA ligase completes the
reaction (2,5). Over the past few years multiple BER pathways
have been defined such that short- and long-patch BER
pathways are recognized. DNA polymerase 3 (B-pol) performs
short-patch BER and a single nucleotide is incorporated into the
strand undergoing repair (6—8). During long-patch BER, 26 nt
are excised in the strand undergoing repair (9,10). Long-patch
repair (24 nt) is carried out in a PCNA-dependent manner
(9,11), and utilizes DNA polymerase 8 or € (11).

Effort has also been directed towards describing BER
activity in mammalian tissues. Steady-state levels of BER gene
transcripts have been examined with the consistent finding that
the highest observed levels of expression were detected in
testis (12—19). For a limited number of BER genes, it has been
specifically shown that male germ cells are the source of the
highest observed expression. Furthermore, some genes have
been shown to vary in expression through spermatogenesis
such that the highest detected level of expression occurs in
pachytene spermatocytes and round spermatids (12,14-18,20).

Gene knockouts have been developed for some BER genes
in part to better understand the biological significance of this
pathway. Inactivation of hydroxymethyluracil-DNA glyco-
sylase did not result in an increased toxicity by 5-hydroxy-
methyl-2’-deoxyuridine (21), whereas inactivation of 3-
methyladenine (m3A)-DNA glycosylase (alkylpurine-DNA-
N-glycosylase) resulted in increased cell killing by the simple
alkylating agent methyl methanesulfonate (MMS) (22,23) and
an increase in induced mutations by MMS (24). Uracil-DNA
glycosylase (UDG)-deficient mice exhibit increased steady-
state levels of incorporated uracil with only a slight increase in
mutation frequency, but lack an overt pathological phenotype
(25). Mice, in which the Oggl gene has been inactivated,
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accumulate spontaneous 8-hydroxyguanine at an accelerated
rate, and to higher levels, with a corresponding increase in
spontaneous mutation frequency (26,27). Homozygous null
mice for Ape, f-pol, Xrcc-1 and Lig I were embryonic lethals
(28-32); thus the effects of gene inactivation on biological
endpoints such as mutagenesis and carcinogenesis in specific
tissues are not available.

Despite intense investigation into BER, the relative activity
among mammalian tissues and cell types remains largely
undetermined. Therefore, to quantitatively assess BER activity
in various mammalian tissues, an in vitro BER assay was
modified and used to specifically quantify UDG-initiated BER
(UDG-BER) activity in nuclear extracts prepared from tissues
and cell types of mice. Three different commonly used mouse
strains were examined to determine if there were variations in
activity among these strains. Variation in activity among
tissues but not among strains of mice was observed.

MATERIALS AND METHODS

Animals

Four- to six-month-old male C57BL/6J mice were obtained
from The Jackson Laboratory, or from in-house breeding.
Male CD1 mice (5- to 8-day-old and 4- to 6-month-old) were
obtained from Charles River (Wilmington, MA). B(D,F, (4- to
6-month-old) male mice were obtained from Harlan Sprague
Dawley (Indianapolis, IN). The animals were housed in an
animal facility accredited by the American Association for the
Accreditation of Laboratory Animal Care and fed standard
mouse laboratory chow and water ad libitum. Mice were
specific-pathogen-free. Mice were humanely killed at the
appropriate ages, organs rapidly removed and used immedia-
tely for mixed germ cell and Sertoli cell isolations or nuclear
extract (liver, brain, small intestine and thymocyte) preparations.

Mixed germ cell, Sertoli cell and thymocyte isolations

Testes were collected from three to four male mice (4- to 6-
month-old), pooled for each preparation of mixed germ cells
and enriched as described previously (33,34). The approximate
composition of the mixed germ cell preparations was 4%
spermatogonia, 22% spermatocytes, 71% spermatids and
<3% Sertoli cells (35). Sertoli cells were prepared from 200
male 5- to 8-day-old CD1 mice at ~85% purity by using a Sta
Put gradient system as described previously (33,34). Thymo-
cytes were isolated from four sets of 50 male 5- to 6-day-old
CD1 mice. Thymuses were removed and teased apart in
homogenization buffer, cells were dissociated by gentle
passage through a 16-guage needle and thymocyte-enriched
preparations obtained by passage through Nytex mesh.

Nuclear extracts

Three volumes of homogenization buffer [10 mM HEPES
pH 8.0, 1.5 mM MgCl,, 10 mM NaCl, 0.5 mM dithiothreitol
(DTT), 0.5 mM PMSF, 1 pg/ml pepstatin A and 10 mM
sodium metabisulfite] were added to ~300 mg of minced tissue
or 210 cells (36). Tissue/cells were homogenized with six full
strokes in a motor-driven glass-Teflon homogenizer then
centrifuged at 10 000 g for 10 min. The resulting supernatant
was removed and the nuclear pellet washed with 3 vol of
homogenization buffer. Approximately 1.5 vol of lysis buffer
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(homogenization buffer with 1 M NaCl and 2.5 ng/ul
luciferase), relative to the starting volume of tissue or cell
pellet, was added to the nuclear pellet fraction, homogenized
with three strokes and then centrifuged at 100 000 g for 1 h.
Supernatant was transferred to a 10 000 MWC dialysis cassette
(Pierce) and dialyzed against 500 ml of buffer A (20 mM Tris—HCI
pH 8.0, 10 mM NaCl, 0.1 mM DTT, 0.1 mM PMSF, 1 pg/ml
pepstatin A and 10 mM sodium metabisulfite) for 90 min.
Precipitate was removed by centrifugation at 10 000 g for
10 min. Solid (NH,),SO, was added to the supernatant to 40%
saturation and mixed gently for 30 min. Precipitate was
collected by centrifugation at 20 000 g for 20 min, dissolved in
a minimal volume of buffer B (identical to buffer A except it
contained 100 mM KCI rather than NaCl) and dialyzed in a
10 000 MWC cassette (Pierce) against 500 ml of buffer B for
90 min. The resulting dialysate was centrifuged at 10 000 g for
10 min to remove insoluble material. All procedures were
performed at 4°C. Protein concentration was determined using
the Bradford assay with immunoglobin protein standard (Bio-
Rad). Samples were routinely diluted to 10 mg/ml, separated
into single use aliquots and stored at —80°C until use.

Due to the small size of Sertoli cell and thymocyte samples,
minor modifications were incorporated into the preparation of
nuclear extracts for these cell types. Nuclei were disrupted by
sonication with three, 5 s intervals. (NH,),SO, precipitation
was omitted and after dialysis against buffer A, the dialysate
was centrifuged at 10 000 g for 10 min before transferring the
supernatant to a 10 000 MWC Microcon filter (Millipore) to
reduce the volume by at least 50%. The remainder of the
nuclear extract preparation protocol was identical to that
described above.

Prior to use in UDG-BER activity assays or western blot
analysis, the amount of luciferase recovered in each aliquot of
nuclear extract was determined by adding 2 ul of nuclear
extract to 400 pul luciferase buffer (60 mM Tris-acetate pH 7.5,
2.5 mM EDTA, 12 mM Mg-acetate, 60 mM DTT, 5 mM ATP,
0.075% BSA and 150 uM luciferin). Relative light units were
measured on a Lumat LB 9501 (Berthold) luminometer and
compared to a luciferase standard curve (37,38). The amount
of luciferase recovered was used to correct for differences in
protein recovered between samples.

Oligonucleotide substrate

The double-strand oligonucleotide (Integrated DNA Technolo-
gies) utilized for measuring UDG-BER in vitro was:
5’-GCTTGCATGCCTGCAGGTCTGAUTCTAGAGGATC-
CCCGGGTACCGAGCTCGA-3
3’-CGAACGTACGGACGTCCAGACTGAGATCTCCTAG-
GGGCCCATGGCTCGAGCT-5’

as described by Singhal et al. (6). The guanine residue at the 5’-
end of the U-containing strand was considered base 1 and was
5’-end-labeled with fluorescein (Integrated DNA Techno-
logies) thereby facilitating oligonucleotide recovery measure-
ments.

UDG-BER assay

Reaction conditions for measuring BER were similar to those
reported by Singhal et al. (6). Standard reaction mixtures
(25 pl) contained 100 mM Tris—HCI pH 7.5, 5 mM MgCl,,
1 mM DTT, 0.1 mM EDTA, 2 mM ATP, 0.5 mM NAD, dATP,
dGTP and dTTP at 20 uM each, 5 mM ditrisphosphocreatine,
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10 U of creatine phosphokinase, 3 pmol of fluorescein 5-end-
labeled duplex oligonucleotide, 20 nM of dCTP, 20 uCi of
[0-3¥P]dCTP (3000 Ci/mmol) and 1040 pg nuclear extract.
Except for experiments to assess dNTP incorporation, all reactions
were carried out in the presence of [a-3*P]dCTP. After incuba-
tion for 10 min at 37°C, reactions were stopped by placing on ice
and the addition of 4.5 ul of 50 mM EDTA, 0.3 M NaCl and
80% formamide. Samples were heated to 65°C for 3 min and
the entire volume subjected to electrophoresis on a 12% poly-
acrylamide gel containing 7 M urea in 90 mM Tris-base,
90 mM boric acid and 2 mM EDTA pH 8.8. Standards
consisting of serially diluted fluorescein-labeled oligonucle-
otide from 0.25 to 4 pmol, encompassing the linear range of
fluorescent quantification, were loaded with every assay to
quantify recovery of oligonucleotide for each sample using a
Chemilmager 4400 (Alpha Innotech). Radionucleotide incor-
poration was measured using a GS-363 Molecular Imager
System (Bio-Rad). Incorporation of dATP, dGTP and dTTP in
the reaction were each quantified as described for dCTP using
the appropriate radiolabeled dNTP and mixture of cold dNTPs.

Western blot analysis

Nuclear protein extracts prepared from brain and mixed germ
cells (50 ng) and liver (200 pg) were separated using SDS-PAGE
on a 10% gel (acrylamide:bis-acrylamide 29:1), followed by
electroblotting onto Trans-Blot Transfer Medium (Bio-Rad).
The blot was cut into three sections based on molecular mass to
facilitate detection of specific antigens. 3-pol and Ape/Ref-1
were detected using rabbit polyclonal anti-hBpol (S.Wilson,
NIEHS, Research Triangle Park, NC) and rabbit anti-hAPE/
ref-1 polyclonal antibody (Novus Biologicals), respectively.
Xrcc-1 was detected with rabbit anti-hXRCC-1 polyclonal
antibody (Serotec). DNA ligases I and III were detected by
rabbit polyclonal anti-ligase I and anti-ligase III antibodies
(A.Tomkinson, University of Texas Health Science Center at
San Antonio, San Antonio, TX), respectively. Purified -pol
and Ape/Ref-1 (Trevigene) and DNA ligases I and III
(A.Tomkinson) were included as standards and controls.
Primary antibodies were followed by horseradish peroxidase-
conjugated goat anti-rabbit antibody (Pierce) and signal generated
with enhanced chemiluminescence (Pierce). Chemilumines-
cence intensity of visualized bands was measured as an
integrated density value (IDV) using a Chemilmager 4400
(Alpha Innotech).

Statistical analysis

The data were analyzed using analysis of variance. Compari-
sons among means were Bonferroni adjusted. In vitro UDG-
BER data were log-transformed prior to statistical analysis. We
present P-values from analysis of log-transformed data
whereas we present means and standard errors computed from
untransformed data. P-values <0.05 were considered significant.

RESULTS

Linearity of the assay

To quantify in vitro BER activity in nuclear extracts prepared
from multiple tissues and cell types, an assay described by
Singhal er al. (6) was modified. Oligonucleotide recovery
measurements were facilitated with a fluorescein tag on the 5" end
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Figure 1. Fluorescent (top) and autoradiographic visualization (bottom) of
recovered oligonucleotide from the UDG initiated-in vitro BER assay. Oligo-
nucleotide standards were loaded spanning the linear range of fluorescent
quantification for generation of a standard curve and as a 51 bp size standard
(top). A 5’-radiolabeled 51 bp size standard was loaded for autoradiographic
visualization.
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Figure 2. Linearity of the UDG-BER in vitro assay. Nuclear extracts were
prepared from tissues of male 4- to 6-month-old C57BL/6J mice. Data are
expressed as means (XtSEM) from three replicate assays for each of three
nuclear extract preparations obtained from brain (circles), liver (squares) and
mixed germ cells (triangles). The amounts of protein selected for subsequent
assays are indicated by an asterisk.

of the uracil-containing strand. Optimal reaction conditions were
determined to be 3 pmol oligonucleotide incubated with
nuclear extract for 10 min thereby yielding 295% of the
recovered oligonucleotide in the 51mer form. Figure 1 shows a
fluorescent image observed after running the BER assay (top
panel), with the corresponding radiographic image resulting
from [0-*P]dCTP incorporation during repair synthesis
(bottom panel). Various amounts of nuclear extract were
examined to ensure the BER assays were being performed in
the linear range. Samples to which no nuclear extract was
added did not incorporate detectable levels of [o->*P]dCTP.
Increasing amounts of nuclear extract prepared from brain,
liver and mixed germ cells showed a linear increase in incor-
poration of o-3P (Fig. 2; test of non-linear trend: brain,
P=0.77; liver, P = 0.20; mixed germ cells, P = 0.12).
Although the actual limits of linearity were not identified,
between 5 and 40 [g of protein isolated from mixed germ cells
and between 10 and 80 pg protein isolated from brain and liver
resulted in linear increases in [0-*P]dCTP incorporation.
Subsequently, assays were performed with 10 pg protein
obtained from mixed germ cells and 40 pg protein obtained
from brain, liver, Sertoli cells, small intestine and thymocytes.
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Figure 3. Incorporation of various [a-*P]dNTPs during UDG-BER in vitro.
Nuclear extracts were prepared from tissues and cell types obtained from male
4- to 6-month-old C57BL/6J mice. Results are expressed as means (XtSEM) for
three replicate assays for each of five different nuclear extract preparations.
(dCTP, open bars; dATP, hatched bars; dGTP, gray bars; dTTP, closed bars)

dNTP incorporation

Each of the four dNTPs were independently assessed for
incorporation during repair of the G:U mismatch in the oligo-
nucleotide. As shown in Figure 3, nucleotide incorporation
results for nuclear extracts from three different tissues indicate
that dCTP is preferentially incorporated (P = 0.003). dATP
was the second most commonly incorporated nucleotide, but it
represented only 9% of the total incorporation for all four
dNTPs in liver, 7% of incorporation for all four dNTPs in brain
and 3% incorporation for all four dNTPs in mixed germ cells.
In brain, dGTP accounted for 5% of the incorporation of all
four dNTPs. Similarly, dTTP accounted for 5% incorporation
of all four dNTPs in brain. In liver dGTP and dTTP accounted
for 6 and 1% of all four dNTPs incorporated, respectively. In
mixed germ cells dGTP and dTTP each accounted for only 1%
of all four dNTPs incorporated. Thus, [0-**P]dCTP was
predominantly incorporated during repair synthesis by all
tested nuclear extracts. These results were consistent with the
results of others studying short-patch BER using this oligo-
nucleotide substrate (6).

In vitro BER activity

The level of UDG-BER in vitro in nuclear extracts prepared
from select tissues for each of three strains of mice was meas-
ured (Fig. 4). Nuclear extracts prepared from liver, brain and
mixed germ cells differed significantly in UDG-BER for each
strain tested. Nuclear extracts prepared from mixed germ cells
exhibited an ~30- and 10-fold higher UDG-BER activity than
nuclear extracts from brain and liver, respectively. Liver
exhibited ~3-fold higher UDG-BER activity than brain.
However, no significant differences were detected for a given
tissue among an inbred strain (C57BL/6J), an out-bred strain
(CD1) and a hybrid strain (B¢D,F,) of mouse.

To determine whether high UDG-BER activity in mixed
germ cells is a characteristic of germ cells or of testis as a
whole, UDG-BER activity of nuclear extracts prepared from
Sertoli cells, a somatic cell type present in the testis, was deter-
mined. Sertoli cell nuclear extracts from an out-bred mouse
strain (CD1) exhibited a 3-fold higher UDG-BER activity than
nuclear extracts prepared from liver and a 9-fold higher
activity than nuclear extracts prepared from brain. Notably, the
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Figure 4. UDG-BER in vitro activities for nuclear extracts prepared from select
tissues and cell types. Results are presented as means (XSEM) of three replicate
assays for each of three nuclear protein extract preparations. Nuclear extracts
were prepared from C57B1/6 (open bars), CD1 (hatched bars) and B¢D,F,;
(closed bars) male mice. (a) Significantly higher UDG-BER activity than all
other tissues and cell types. (b) Significantly higher UDG-BER activity than
brain. (c) Significantly higher UDG-BER activity than liver. (d) Significantly
higher UDG-BER activity than small intestine and thymocytes.

UDG-BER activity of nuclear extracts prepared from mixed
germ cells was 3.5-fold higher than nuclear extracts prepared
from Sertoli cells.

Unlike brain and liver, many spermatogenic cell types
undergo cell division at reasonably high rates in conjunction
with spermatogenesis. To determine whether somatic cells
with high division rates had similarly high UDG-BER activities,
nuclear extracts were prepared from small intestine (C57BL/6J)
and thymocytes (CD1). Small intestine nuclear extracts had
significantly higher UDG-BER activity compared to liver and
brain. Likewise, thymocyte nuclear extracts had moderately
high UDG-BER activity, which was significantly greater than
that determined for brain and liver. Compared to Sertoli cells,
small intestine and thymocyte nuclear extracts had signifi-
cantly lower activity, however, this difference was <2-fold.
Notably, nuclear extracts prepared from mixed germ cells
exhibited a 5-fold higher activity than thymocytes and a 6-fold
higher activity than small intestine.

BER protein composition of nuclear extracts

The amounts of BER proteins in nuclear extracts prepared
from brain, liver and mixed germ cells were determined by
western blot (Fig. 5). Quantification of chemiluminescence
from western blots shows a greater amount of all tested BER
proteins present within nuclear extracts prepared from mixed
germ cells compared to those from brain and liver (Table 1).
DNA ligase I and Apel were detected at significantly greater
levels in liver than in brain, while DNA ligase III, Xrcc-1 and
B-pol were found at similar levels in brain and liver.

When the proportions of various BER proteins within tissues
were compared, the proportion of DNA ligase I was lower in
nuclear extracts prepared from mixed germ cells compared to
brain and liver. In contrast, the proportion of DNA ligase III
was higher in nuclear extracts prepared from mixed germ cells
compared to brain and liver. The proportion of Xrcc-1 was also
higher in nuclear extracts prepared from mixed germ cells
compared to brain and liver. The proportion of B-pol was
similar in all tested nuclear extracts. Compared to nuclear
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Figure 5. Western blot analysis of BER proteins. A total of 50 ug of nuclear
extract was loaded for brain (B) and mixed germ cells (MGC) and 200 ug of
nuclear extract was loaded for liver (L). Bands corresponding to DNA ligase I
(130 kDa), DNA ligase III (93 kDa), Xrcc-1 (69 kDa), B-pol (39 kDa) and Ape/
Ref-1 (37 kDa) proteins were visualized. A molecular mass protein standard
and purified DNA ligases I and III, 3-pol and Ape are shown for comparison. Faint
bands at ~75 and 80 kDa are due to background binding of secondary antibody.

extracts prepared from brain and mixed germ cells, nuclear
extracts prepared from liver exhibited a modestly higher level
of Apel.

Table 1. Abundance of BER proteins in brain, liver and mixed germ cells

Protein Brain Liver Mixed germ cells
DNA ligase I 784 £ 1392 1229 +91 2088 £ 178
(42.4%)° (43.8%) (24.5%)
DNA ligase III 215+31 143 £29 2022 + 56
(11.7%) (5.1%) (23.7%)
Xrce-1 44+ 10 38+3 858 + 81
(2.4%) (1.4%) (10.1%)
B-pol 527+ 94 747 £ 105 2265+ 117
(28.5%) (26.6%) (26.6%)
Ape/Refl 279+ 28 648 £ 95 1283 + 176
(15.1%) (23.1%) (15.1%)

*Values are expressed as (IDV/ug protein) = SEM.
bPercent of total chemiluminescence for a tissue calculated by:
(IDV/ug protein) x 100%.

DISCUSSION

Mouse strains are known to vary in many phenotypes. For
example, differences between strains in the activity of m3A-DNA
glycosylase, another glycosylase involved in BER, have been
identified (39). Accordingly, because this was the first study to
quantitatively examine the levels of UDG-BER activity in
mouse tissues, we examined three different commonly used
mouse strains to determine if there were significant differences
among strains. No differences in UDG-BER activity were
observed. However, there was significant variation among
tissues for all three strains. The highest UDG-BER activity was
observed in nuclear extracts prepared from mixed germ cells.
Although nuclear extracts prepared from liver exhibited higher

UDG-BER activity than nuclear extracts from brain, both
somatic tissues had significantly lower UDG-BER activity
compared to mixed germ cells. This is consistent with the
observation that mixed germ cells exhibit a relatively low
spontaneous mutation frequency compared to somatic tissues
(40-42).

After observing the high UDG-BER activity of mixed germ
cells, nuclear extracts were prepared from Sertoli cells, a
somatic component of the testis, and were compared with those
from mixed germ cell preparations to determine if the high
UDG-BER activity was a characteristic of testicular cells in
general. The activity observed for Sertoli cell nuclear extracts
was substantially lower than that for the mixed germ cells,
thereby suggesting the high activity detected for the mixed
germ cell preparations was not a characteristic of all testicular
cell types. The higher activity observed in Sertoli cell nuclear
extracts compared to brain and liver is probably due to minor
contamination (maximally 15%) of Sertoli cell samples with
spermatogonia.

Spermatogonia and spermatocytes, representing 4 and 22%,
respectively, of the cells present in mixed germ cell preparations
made from adult mice (35) continue to undergo cell division
while the remainder of the cell types present, spermatids (71%)
and Sertoli cells (<3%), do not undergo additional cell division
events. Because 25% of the cells present in mixed germ cell
preparations undergo cell division, additional cell and tissue
types were examined to determine if the relatively high UDG-
BER activity detected in mixed germ cell nuclear extracts was
unique to germ cells or a characteristic of cells and tissues that
continue to divide. Sertoli cell preparations obtained from 5- to
8-day old rodents continue to undergo cell division although at
diminishing levels compared to earlier stages (43). The signifi-
cantly lower UDG-BER activity observed for nuclear extracts
prepared from these cells suggest that the high UDG-BER
activity in germ cell nuclear extracts is not simply due to cell
division activity. In addition, nuclear extracts from small intes-
tine and mitotically active thymocyte were prepared and found
to have substantially lower UDG-BER activity than mixed
germ cell nuclear extracts. Notably, the activity in the nuclear
extracts from these mitotically active cells/tissues was higher
than extracts prepared from brain and liver. These results suggest
that UDG-BER may be modestly elevated in cells/tissues that
continue to undergo division, but that the large elevation in
mixed germ cell nuclear extracts cannot be explained simply
by high division rates. Interestingly, spontaneous mutation
frequencies for Sertoli cells, thymus and small intestine in Lacl
transgenic mice are similar to those for brain and liver (42,44)
and are significantly higher than that reported for male germ
cells (40,42).

The high UDG-BER activity observed for mixed germ cell
extracts is consistent with the western blot analyses. Accord-
ingly, BER proteins were detected in greatest amounts in
mixed germ cell nuclear extracts followed by liver then brain.
The high UDG-BER activity and levels of BER proteins in
mixed germ cell nuclear extracts observed in this study are
consistent with previous studies that demonstrated higher
levels of expression of BER genes in testis (12—14,16—19,45) and
significantly lower spontaneous mutation frequencies (40—42) for
mixed germ cells compared to somatic tissues.

Consistent with the observation that rapidly dividing cells
contain higher levels of DNA ligase I than non-proliferating



cells (12,46,47), DNA ligase I was detected at significantly
higher levels in nuclear extracts prepared from mixed germ
cells than in those from brain or liver. In contrast, the propor-
tion of DNA ligase I to other BER proteins in mixed germ cells
was half that detected in brain or liver. This is presumably due
to the high amounts of DNA ligase III and Xrcc-1 present in
mixed germ cell nuclear extracts in comparison to their
extremely low abundance in brain and liver. While Xrcc-1 and
DNA ligase III are believed to participate in short-patch BER
(8,48), the precise contributions of Xrcc-1 and DNA ligase III
to BER within germ cells is not clear. Two forms of DNA
ligase III are found in spermatogenic cells with DNA ligase
Mo requiring Xrcc-1 for stability while DNA ligase ITIf is not
dependent upon Xrec-1 (16,49,50). Expression of o and
forms of DNA ligase III peak in pachytene spermatocytes and
round spermatids (16), and it has been suggested that DNA
ligase M1 may play an important role in meiotic recombina-
tion (12,16,51).

Xrce-1 has also been implicated in single-strand break repair
(52-57) and similar to DNA ligase III, Xrcc-1 transcripts are
most abundant in pachytene spermatocytes and round
spermatids (18). Thus, the data suggest that DNA ligase III and
Xrce-1 may be involved in multiple pathways. Other DNA
repair proteins have been shown to participate in multiple path-
ways. For example B-pol has been implicated in short- and
long-patch BER (6,58,59), XPG, a component of nucleotide
excision repair, has been implicated in repair of oxidized bases
in BER (60) and XPB and XPD participate in transcription and
nucleotide excision repair (61,62). Therefore, it seems possible
that DNA ligase III and Xrcc-1 participate in multiple pathways.

In conclusion, a high UDG-BER activity was observed in
nuclear extracts prepared from adult mixed germ cells and this
activity appears to be a unique characteristic of spermatogenic
cells that cannot be explained simply by their division rates. In
addition, UDG-BER activity was found to vary significantly
among somatic tissues and the relative proportions of BER
proteins varied among tissues. Whether or not the variation in
proteins among tissues impacts the ability to repair various
lesions remains undetermined. Finally, the high UDG-BER
activity measured in nuclear extracts prepared from mixed
germ cells, and the high BER protein content in mixed germ
cells, compared to that in somatic tissues suggests that BER
plays an important role in maintaining the integrity of the
germline genome during the process of spermatogenesis.
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