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Particulate air pollution is widespread, yet we have little understand-
ing of the long-term health implications associated with exposure.
We investigated DNA damage, mutation, and methylation in gametes
of male mice exposed to particulate air pollution in an industrial/
urban environment. C57BL/CBA mice were exposed in situ to ambient
air near two integrated steel mills and a major highway, alongside
control mice breathing high-efficiency air particulate (HEPA) filtered
ambient air. PCR analysis of an expanded simple tandem repeat
(ESTR) locus revealed a 1.6-fold increase in sperm mutation frequency
in mice exposed to ambient air for 10 wks, followed by a 6-wk break,
compared with HEPA-filtered air, indicating that mutations were
induced in spermatogonial stem cells. DNA collected after 3 or 10 wks
of exposure did not exhibit increased mutation frequency. Bulky DNA
adducts were below the detection threshold in testes samples, sug-
gesting that DNA reactive chemicals do not reach the germ line and
cause ESTR mutation. In contrast, DNA strand breaks were elevated
at 3 and 10 wks, possibly resulting from oxidative stress arising from
exposure to particles and associated airborne pollutants. Sperm DNA
was hypermethylated in mice breathing ambient relative to HEPA-
filtered air and this change persisted following removal from the
environmental exposure. Increased germ-line DNA mutation frequen-
cies may cause population-level changes in genetic composition and
disease. Changes in methylation can have widespread repercussions
for chromatin structure, gene expression and genome stability.
Potential health effects warrant extensive further investigation.

DNA adducts � DNA strand breaks � tandem repeat mutation

Combustion of fossil fuels results in the production of complex
mixtures of chemicals that are released into the environment

and potentially affect millions of people globally. Previous work
demonstrated that the offspring of wild birds breeding near
integrated steel mills on the North American Great Lakes
inherited increased numbers of tandem repeat DNA sequence
mutations compared with those from areas without steel mills (1,
2). Subsequent studies investigated expanded simple tandem
repeat (ESTR) mutation in outbred laboratory mice caged near
two integrated steel mills and a major highway in Hamilton,
Ontario, Canada, and at a rural reference site (3, 4). Using a
pedigree approach (5), a significant increase in germ-line
mutation rate was found in mice housed in the industrial
environment compared with the reference site. The majority of
mutations were transmitted through the paternal germ line.
High-efficiency particulate-air (HEPA) filtration of the ambient
air resulted in a significant reduction in mutation frequency,
down to levels measured at the reference location (4). Therefore,
the particulate fraction of air in this industrial location was
largely responsible for the mutagenic hazard.

These findings show that chemical pollutants may cause
heritable mutation. Further research is required to confirm these
results, and to evaluate the potential risk to humans exposed to
particulate air pollution. The present study was designed to
provide insight into the mechanisms operating in tandem repeat
mutation induced by exposure to particulate air pollution,
relationships to other types of DNA modifications, and potential
health consequences.

In this study, mature male C57BL/CBA F1 mice were exposed
to HEPA-filtered or ambient air in Hamilton, Ontario, Canada,
near two integrated steel mills and a major highway. Induced
ESTR mutations arising in sperm DNA were measured by using
single-molecule PCR (SM-PCR) (6). Earlier studies investigated
outbred mice. Therefore, the possibility of genetic confounders
could not be excluded. For example, size of the repeat locus
(7–9), cis- and trans- elements (8, 10, 11) and genetic background
(8, 12, 13) can all affect mutation frequency. The mean spon-
taneous ESTR mutation frequency was elevated in these outbred
mice relative to other inbred strains [�2X greater than typical
(3)]. Analysis of inbred mice should confirm that genetic con-
founders did not contribute to differences in mutation frequen-
cies, and provide a basis for comparison of air pollution to
reference mutagens examined in the laboratory in the same
strains.

In addition to measuring germ-line tandem repeat mutation,
we characterized DNA lesions resulting from the exposure. It is
unknown whether chemical agents in air pollution directly reach
the gonads and cause DNA damage and mutation, or whether
there is an indirect event elsewhere that results in physiological
changes that destabilize the germ line. We measured levels of
bulky DNA adducts as an indicator of the presence of DNA
reactive chemicals in testes DNA, as well as DNA single and
double strand breaks in sperm of mice breathing ambient or
HEPA-filtered air.

In this study, we quantified induced ESTR mutations at three
time points to determine the stages of spermatogenesis that are
susceptible to mutation and DNA modifications resulting from
air pollution exposure. Previous experiments with individual
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mutagens in the laboratory suggest that ESTR mutations arise
in diploid premeiotic stages of spermatogenesis (14–16).

Previous studies sampled the progeny of exposed parents;
therefore, these mutations may be the result of events occurring
postfertilization as a consequence of premutational lesions in
DNA affecting early cellular divisions (17–20). Indeed, high
levels of somatic mosaicism were found in the outbred Swiss–
Webster mice used, and ESTR loci are known to be highly
susceptible to destabilization in early embryogenesis (21–23). In
this study, we directly evaluated mutation arising in sperm, to
confirm that mutations measured were germ line in origin.

Lastly, induction of ESTR mutation does not appear to result
from the direct conversion of damaged or adducted DNA into
mutation, but rather is thought to result from indirect events
(24–28). Therefore, we hypothesize that epigenetic changes may
provide a potential signal resulting in ESTR mutation induction.
DNA methylation is the most stable epigenetic modification of
mammalian genomes and is crucial for normal development,
proliferation and maintenance of genome stability (29–33).
DNA methylation patterns are disrupted in cancers (29, 33–35)
and following exposure to genotoxic agents (36–38). Differential
methylation has been observed in the descendents of animals
exposed to various agents (39–41), suggesting a potential link to
nontargeted DNA mutations and transgenerational effects.
Therefore, global levels of DNA methylation were evaluated in
sperm DNA.

Results
Air Quality. Air quality data were provided by the Ontario
Ministry of the Environment (MOE). A westerly wind places the
MOE samplers and animal enclosures downwind of the steel
mills. Previous work demonstrated that levels of total suspended
particles (TSP) and PAHs were positively correlated with west-
erly wind direction (4). Fig. 1 a–d shows the air quality param-
eters for the present study. The majority of the time the
enclosures and air samplers were downwind of the steel mills.
Exposures were lowest at the beginning and end of the experi-
ment. Hours of westerly wind, TSP (mean 93.8 � 17.0 �g/m3),
and metal (mean 3.6 � 0.7 �g/m3) concentrations, were highest
at wk 4. Wk 3 had the highest PAH concentration (mean 8.3 �
1.7 ng/m3). Benzo(b)-f luoranthene, benzo(k)fluoranthene, and
indeno(123-cd)pyrene were the 3 most abundant PAHs. Iron,
copper, and manganese were the 3 most abundant metals.

Mutations at Ms6-hm. Mutation frequency at ESTR Ms6-hm locus
was determined in sperm DNA sampled from mice exposed to
HEPA-filtered or ambient air for 3 weeks (wks), 10 wks or 10 wks
followed by 6 wks (16 wks) in the laboratory. A generalized score
test showed a significant overall treatment effect (P � 0.036).
Sperm sampled from mice exposed for 3 or 10 wks did not show
elevated ESTR mutation frequencies (Table 1). Sperm samples
collected at 16 wks developed from exposed spermatogonial
stem cells. A significant increase in ESTR mutation frequency
was found for spermatogonia exposed to whole air relative to
HEPA filtered air (1.6-fold, generalized score test, P � 0.016).

DNA Adducts. No detectable adducts were observed in testes
samples at any of the time points (detection limit of 0.5 per 108

nucleotides). To ensure exposure in mice breathing whole air to
DNA binding chemicals, whole lung samples were examined.
Lungs of mice exposed to unfiltered air for 3 wks were positive
for DNA adducts, showing a diagonal radioactive zone (DRZ)
with distinct DNA adduct spots on chromatograms (Fig. 2b);
HEPA mice showed only a faint DRZ (Fig. 2a). The total
number of DNA adducts measure by 32P-postlabeling was sig-
nificantly higher in mouse lung after 3 wks of exposure (1.0 � 0.1
adducts per 108 total nucleotides) compared with mice from the
HEPA filtered cages (0.7 � 0.1 adducts per 108 total nucleotides)

(1.4-fold, one-tailed Wilcoxon Rank test using a T approxima-
tion, P � 0.046). No detectable adducts were apparent at the
other time points.

DNA Strand Breaks. A significant treatment effect was observed
(factorial analysis on ranks, P � 0.004); strand breaks were more
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Fig. 1. Air quality parameters. Air samplers were located �400 m north-
east of the mouse sheds. Data were collected from the MOE database for
May 14th to August 1st, 2004. PAH levels are based on measurement of
benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoran-
thene, benzo(a)pyrene, indeno(123cd)pyrene, dibenzo(a,h)anthracene
and benzo(ghi)perylene. Metal levels are based on cadmium, chromium,
iron, copper, lead, manganese, nickel, and vanadium. (a) Hours of westerly
wind. (b) Total suspended particulate. (c) Polycyclic aromatic hydrocarbons.
(d) Metals.
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abundant in sperm after exposure to particulate air pollution
(Fig. 3). This increase was significant at 3 wks (P � 0.004) and
marginally significant at 10 wks (P � 0.053). Strand breaks
returned to HEPA-filtered levels after 6 wks in the laboratory
(16 wks; P � 0.05).

Global DNA Methylation. An increase in global methylation was
found in sperm from mice exposed to whole air compared with
HEPA filtered air using both the CEA and the MAA (Fig. 4 a
and b). A factorial analysis revealed a significant treatment effect
(P � 0.004 and P � 0.001 for the two assays respectively). There
was no significant change in methylation at 3 wks (P � 0.126 and
P � 0.162 for the two assays respectively). Hypermethylation
arose in mice exposed continuously to particulate air pollution
for 10 wks (P � 0.038 and P � 0.014 for the two assays
respectively). Hypermethyation persisted in 16-wk samples (P �
0.067 and P � 0.021 for the two assays, respectively).

Discussion
We have demonstrated that exposure of inbred mice to partic-
ulate air pollution near two integrated steel mills and a major
highway caused tandem repeat DNA mutation and hypermeth-
ylation in spermatogonial stem cells. Sperm sampled at 16 wks,
but not at earlier time points, showed elevated ESTR mutation
frequencies, indicating that exposure of spermatogonial stem
cells to particulate air pollution for 10 wks caused germ-line
mutations. Mutation induction in this study (1.6-fold) was similar
to previous experiments examining the offspring of exposed
outbred mice (1.5- to 2-fold) (4). Despite the presence of
mutagenic PAHs in the particulate fraction of this air, DNA
adducts were not detectable (�0.5 in 108 nucleotides) in the
gonads of mice exposed to whole air, but were detected in lung
after 3 wks of exposure. In contrast, increased DNA strand
breaks were found in sperm collected at 3 and 10 wks. At 16 wks,
strand breaks were similar in HEPA and whole air groups.
Therefore, breaks that arose in spermatogonial stem cells during
the 10-wk exposure period were repaired, or converted to gene

or chromosomal mutations not detected in this study, in the
subsequent stages of spermatogenesis following removal from
the polluted environment. DNA hypermethylation was found in
males sampled at 10 and 16 wks. These data suggest that
epigenetic modification may have occurred in the early stages of
spermatogenesis, but not the haploid stages (3 wks). Hypermeth-
ylation persisted through spermatogenesis and remained signif-
icantly elevated in mature sperm after removal from the
environmental exposure.

Shorter exposures (3 and 10 wks) did not result in induced
ESTR germ-line mutation. Despite the presence of DNA strand
breaks in sperm sampled at 3 wks, lack of induced mutation was
expected as spermatids are not generally susceptible to mutagen-
induced ESTR mutation (14–16). The 10-wk exposure included
6 wks during which the cells were in diploid premeiotic stages of
spermatogenesis, the most susceptible period for induced ESTR
mutation (14–16). Because this was an ambient in situ exposure
to ambient air pollution, day to day fluctuations may cause wide
variations in exposure over the sampling period based on
industrial emissions, traffic, wind direction, and other parame-
ters. The mice were exposed to relatively high levels of particles
and organic (PAHs) and inorganic (metals) pollutants over this
period, and strand breaks were elevated at 3 and 10 wks.
However, it is possible that spermatogonial stem cells were not
exposed to a high enough cumulative dose to cause measurable
mutation induction over this period. Alternatively, enough time
may not have passed at the 10-wk time point to have accumulated
a measurable effect in the germ line. It is possible that the
exposure was not long enough to cause accumulation of muta-
tions in the stem cells to obtain a significant increase in mutation
frequency. For example, a power analysis revealed that the
sample size of this study would need to be increased by �6-fold

Fig. 3. DNA damage in mature sperm. Levels of DNA strand breaks are
expressed as percent of the control at wk 3. Bars indicate standard error. *, P �
0.05; ‡, P � 0.053, one-tailed Wilcoxon rank test.

Table 1. Mutation data for the Ms6-hm locus for mice exposed to HEPA-filtered and whole air in Hamilton, Ontario

Treatment No. of mutants No. of progenitors* Mutation frequency, %* Ratio relative to HEPA filtered† P value‡

HEPA (3 wks) 24 638 (488–798) 3.76 (3.01, 4.92)
Whole air (3 wks) 26 719 (557–888) 3.62 (2.93, 4.67) 0.96 (0.71, 1.28) 0.770
HEPA (10 wks) 33 772 (596–950) 4.28 (3.47, 5.54)
Whole air (10 wks) 31 716 (565–866) 4.33 (3.58, 5.49) 0.99 (0.88, 1.12) 0.902
HEPA (16 wks)§ 35 879 (701–1057) 3.98 (3.31, 4.99)
Whole Air (16 wks) 50 796 (638–954) 6.28 (5.24, 7.84) 1.58 (1.28, 1.94) 0.016

*Predicted, lower-upper range, mutation frequency and ratios are given with 95% confidence intervals (C.I.). The C.I. reflects uncertainties in estimating the
number of template molecules.

†Ratios to HEPA filtered with 95% C.I. (estimated by inverting the Wald statistic).
‡Bold number indicates statistically significant value (generalized score test). This P value remains significant after application of a Bonferroni correction for three
pair-wise comparisons.

§Ten wks in situ plus 6 wks in the laboratory.

 
a b c

Fig. 2. DNA adduct analysis. Examples of autoradiographs from two typical
3-wk lung samples and the positive control are shown. (a) HEPA-filtered air. (b)
Whole air. (c) A BPDE-DNA adduct standard.
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to obtain a statistically significant 1.2-fold increase based on the
variability observed here.

The use of inbred strains eliminates genetic confounders such
as cis- or trans-elements, genetic background or differences in
ESTR allele sizes between groups. DNA mutation was measured
directly in sperm, confirming that mutations arose in the germ
line, rather than in early embryogenesis. Mutation frequency in
spermatogonial stem cells was 1.6-fold higher in mice breathing
whole air than HEPA-filtered air at 16 wks. Remarkably, mu-
tation induction as a result of breathing particulate air pollution
was similar to that observed in mice of the same genetic
background after acute exposure to 0.5–1 Gy of X-rays (26, 42).

Bulky DNA adduct levels were elevated in the lungs of mice
breathing whole air for 3 wks, confirming that they were exposed
to DNA binding chemicals. Adduct levels were not elevated at
10 wks, likely resulting from variation in exposure through the
season. DNA adduct levels were below detectable thresholds in
testes at all points measured. DNA adducts predominantly
reflect the presence of PAHs that are metabolized and bind
covalently to DNA. PAHs are the principal mutagenic compo-
nents of airborne particulates in Hamilton (43); thus, this finding
suggests that PAHs that induce stable DNA adducts do not
penetrate the male germ line and affect ESTR mutation rates.
Alternatively, this finding supports the model that ESTR mu-
tations arise through an indirect mechanism of mutation. DNA
strand breaks were elevated in sperm samples collected at 3 and
10 wks. Strand breaks may reflect exposure to agents that
generate reactive oxygen species (ROS), which can be produced
by exposure to particulate matter, PAHs (reviewed in ref. 44), or
metals (reviewed in refs. 45 and 46), and can damage DNA.
Other factors that may contribute to oxidative stress include
changes in metabolism or inflammation in mice exposed to
particulate air pollution (44). It is unclear whether ROS gener-
ated elsewhere in the body leads to oxidative stress and DNA
strand breaks in gametes. Future work should investigate the
concentrations of metals, particles, and PAHs in gonadal tissue
to address this hypothesis. In addition, it is possible that unstable

DNA adducts that we did not measure may have caused oxida-
tive damage and strand breaks, thus contributing to ESTR
mutation induction. Some of such adducts would have been
detected as strand breaks in our sperm assay. Further studies
should consider the association of ESTR mutations and this class
of DNA adduct. Previous work has focused almost exclusively on
the mutagenic hazard of PAHs in this environment. Our findings
suggest that other chemicals (e.g., metals), and particles in
general, may play a more relevant role in germ-line mutagenesis
than previously anticipated.

Previous work showed that the frequency of double and single
strand breaks in mice exposed to radiation was too low to explain
observed induced ESTR mutation frequency. An indirect, non-
targeted mechanism was proposed whereby endogenous muta-
tion processes are altered by radiation exposure (6, 15). Our
study involved chronic exposure and did not estimate the fre-
quency of DNA strand breaks, so a similar conclusion cannot be
made from our data. However, several experiments have dem-
onstrated that mutation spectra (i.e., patterns of gains and losses
in repeat units) are identical in exposed and control mice,
confirming the hypothesis that the same mechanism may operate
in induced and spontaneous ESTR mutation (6, 47, 48). In our
study, the ESTR mutation spectra of HEPA and whole air sperm
samples were also identical (data not shown), suggesting that the
same nontargeted mechanism may operate for chronic exposure
to airborne particulates.

It is possible that the presence of DNA strand breaks in
gametes elicits a signal that results indirectly in mutation at
tandem repeat sequences. It has been proposed that alterations
in cell cycle, potentially resulting from the introduction of DNA
damage leading to delays, cause replication fork pausing, which
in turn, may affect ESTR mutation rate (13). The formation of
secondary structures across the ESTR allele during this pause
may lead to the gain or loss of repeat units when replication is
reinitiated. The nontargeted model for ESTR instability also
suggests that other signals may be involved in mutation induc-
tion. Epigenetic changes can be transmitted through the germ
line (49, 50) and therefore provide a potential mechanism
through which environmental factors can exert heritable effects.
In the germ line, methylation is strictly regulated and DNA
methyl-transferases (DNMTs) are very active (51, 52). DNMTs
are up-regulated during DNA damage and bind with high
affinity to many DNA lesions (53). It has been hypothesized that
DNMT1 (involved in methylation maintenance; ref. 54) is, in
fact, an ancient DNA repair enzyme (55). Theoretically, with
elevated DNA damage resulting from exposure to particulate air
pollution, up-regulation of DNMTs may lead to hypermethyl-
ation over time. Correspondingly, we found that the sperm of
mice exposed chronically to particulate air pollution was hyper-
methylated relative to age-matched HEPA-treated mice. DNA
hypermethylation may be linked with structural changes in
chromatin, decreased gene expression and decreased rates of
transposon movement (56–58). Increased gamete DNA meth-
ylation may lead to potential problems for progeny, but it is
unknown whether methylation changes inherited via mature
sperm lead to altered epigenetic reprogramming in the fertilized
egg. The global methylation measured here does not necessarily
reflect the methylation status of active genes; therefore, the
consequences of these changes are unknown.

The relationship between methylation and ESTR instability
remains to be elucidated. Alterations in global methylation
affecting gene expression, chromatin structure or genome sta-
bility could have an impact on spermatogonial stem cell function.
It is possible that alterations in methylation are transmitted to
subsequent generations, providing a persistent epigenetic signal.
Future work should target localized regions of DNA and inves-
tigate the potential of urban air pollutants to modulate meth-
ylation of important genomic sites.

Fig. 4. Global methylation of male germ-line DNA. (a) Percent global
methylation change relative to age-matched controls using the cytosine ex-
tension assay. (b) Percent methylation change relative to age matched con-
trols using the methyl-acceptance assay. Bars indicate standard error. *, P �
0.05; ‡, P � 0.067, two-tailed Wilcoxon rank test.
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The overall implications of these findings for the health of
humans are unclear. Heritable mutation, germ-line DNA dam-
age and epigenetic modifications have the potential to affect
disease incidence in the descendents of exposed individuals. In
addition to its potential importance in the maintenance of
genome stability, appropriate methylation of DNA is critical for
imprinting (59), regulation of gene expression (60), mammalian
development (61–63), and disease (33, 64).

Materials and Methods
Environmental Exposures. C57BL/6 � CBA F1 hybrid mice (Jackson Laboratory,
Bar Harbor, ME) were exposed as described in refs. 3 and 4. Thirty 7- to
9-wk-old males were housed in a modified utility shed 2 km from two
integrated steel mills and 1 km from a major highway on Hamilton Harbor,
Ontario, Canada from May 14, 2004, for 3 wks, 10 wks, or for 10 wks followed
by 6 wks in the laboratory (16 wks). Each time point included five mice exposed
to ambient air (Whole Air) and five mice exposed to air filtered through a
HEPA filtration unit (True-HEPA, model 200–001, Bemis Manufacturing, She-
boygan Falls, WI). HEPA filtration removes at least 99.97% of particles 0.3 �m
in diameter (65). Given the duration of spermatogenesis, sperm sampled from
the caudal epididymis of mice held for 3 wks were postmeiotic spermatocytes
and spermatids during the exposure period. Sperm sampled at 10 wks were
exposed throughout the continuum of spermatogenesis from spermatogonial
stages (for 6 wks) to spermatozoa during the experiment. In the last time
point, a 6-wk break after the 10-wk exposure (16 wks) ensured that the
collected sperm were at the spermatogonial stem stage for the entire expo-
sure. Therefore, any measurable changes in these samples were the result of
effects on stem cells. All animal procedures were carried out under the
guidelines of the Canadian Council on Animal Care and procedures approved
by the McMaster University Animal Research Ethics Board.

DNA Isolation. For tandem repeat mutation, DNA adduct, DNA strand-break,
and DNA methylation assays, all DNA extractions and downstream applica-
tions were performed on coded samples so that researchers were blind to their
experimental treatment. In addition, control and exposed samples were as-
sayed in mixed groups using the same batches of reagents. All manipulations
before PCR were carried out in a laminar flow hood to minimize the risk of
contamination. Genomic DNA was isolated from testes and caudal epididymis
as described in ref. 6.

Tandem Repeat Mutations. Size mutations at the Ms6-hm ESTR were measured
by using SM-PCR (6). The �1.8-kbp CBA Mh6-hm allele was amplified from
diluted aliquots of sperm DNA as described in refs. 6 and 66. The concentration
of template DNA was adjusted for each sample until 40–60% of amplifications
produced observable product. Approximately 100 reactions with product per
animal were sized by using gel electrophoresis (40-cm agarose gels), Southern
blotting and hybridization to radiolabeled Ms6-hm probe or internal size
standard (1-Kb ladder, Invitrogen, Burlington, ON). The size of each product
was measured against in-lane standards. Mutants were scored as bands with
sizes differing by �4 repeat units (20 bp) from the progenitor by observers
who were blind to experimental treatments. Mutation frequencies within
animals were determined by dividing the number of mutant bands by the
estimated total number of template molecules (66).

Bulky DNA Adducts. The 32P-postlabeling assay was performed on lung and
testes using existing methods (67). We focused this assay on the testes to
determine whether DNA-reactive chemicals were transported from the site of
exposure in the lungs, to the site of induced effects in the gonads. Briefly, DNA

(10 �g) was digested by using micrococcal endonuclease and spleen phospho-
diesterase. The modified nucleotides were radiolabeled (50 �Ci/sample) by
incubation with T4-polynucleotide kinase. Radiolabeled adduct nucleotide
biphosphates were separated by chromatography on PEI-cellulose sheets. In
each experiment, 3 standards of benzo(a)pyrene diol epoxide (BPDE) modified
DNA with known modification levels (1 adduct per 107, 108 and 109 nucleo-
tides) were run in parallel for quantification purposes using phosphor-
imaging. Part of the digest was used to determine the final amount of DNA in
the assay by HPLC-UV.

DNA Strand Breaks. DNA strand breaks were detected by using a modification
of the random oligonucleotide-primed synthesis (ROPS) (68) assay (69). Briefly,
caudal epididymal sperm DNA was denatured and radiolabeled at the free
3�-OH termini using Klenow polymerase. The reactions were stopped, filtered
and washed. Filters were analyzed by scintillation counting. Results are ex-
pressed relative to the week 3 HEPA animals.

DNA Methylation. Global DNA methylation was analyzed by using two inde-
pendent assays, the cytosine extension assay (CEA) and methyl-acceptance
assay (MAA) (69–74). The CEA method uses methylation-sensitive restriction
endonuclease HpaII, which has relatively frequent recognition sequences at
CpG sites. A 5� guanine overhang is left after DNA cleavage that can be used
for subsequent single nucleotide extension with labeled (3H)dCTP; breaks
without this overhang are not recognized. The extent of (3H)dCTP incorpo-
ration opposite the exposed guanine is directly proportional to the number of
cleaved, unmethylated CpG sites, and inversely proportional to methylation
levels. The higher the methylation, the lower the incorporation of (3H)dCTP�
(69–74). Briefly, for CEA, sperm genomic DNA was digested with HpaII. A
second aliquot of DNA was incubated without restriction enzyme and served
as the background control. The single-nucleotide extension reaction was
performed by using TaqDNA polymerase to incorporate [3H]dCTP. Duplicate
aliquots from each reaction were collected on ion-exchange filters and
washed. Filters were dried and analyzed by scintillation counting. After
background substraction, the results were expressed as percent change rela-
tive to the age-matched HEPA mice and are indicative of the level of meth-
ylation of cytosines at genomic 5�-(C)C(GG)-3� sites.

In the MAA, the bacterial enzyme SssI was used to transfer radiolabeled
methyl groups to unmethylated CpG sites in sperm DNA. Methylated DNA was
isolated by filtering on Whatman DE81 ion exchange filters and washed. Dried
filters were placed in scintillation liquid and measured. Blank values were
obtained from duplicate incubations without the enzyme. The results are
presented as percent change relative to the age-matched HEPA mice.

Statistical Analysis. Statistical tests were carried out in SAS/STAT software,
Version 8.2 (1999–2001 SAS Institute, Cary, NC). Statistical testing (ANOVA) on
DNA adducts, strand breaks and methylation was performed on ranks. For
Ms6-hm mutation frequencies, the number of PCR template molecules was
determined from the number of positive PCR products using the Poisson
distribution, estimated by taking the natural log of the observed number of
PCR wells with no product to the total number of PCR wells run. The ratio of
the exposed to control mutation frequencies was estimated by back-
transforming from the Wald Statistic with the empirical covariance matrix
using the GENMOD Procedure. A generalized score test was used to examine
treatment effect.
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