Air pollution induces heritable DNA mutations
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Hundreds of thousands of people worldwide live or work in close
proximity to steel mills. Integrated steel production generates chem-
ical pollution containing compounds that can induce genetic damage
(1, 2). Previous investigations of herring gulls in the Great Lakes
demonstrated elevated DNA mutation rates near steel mills (3, 4) but
could not determine the importance of airborne or aquatic routes of
contaminant exposure, or eliminate possible confounding factors
such as nutritional status and disease burden. To address these issues
experimentally, we exposed laboratory mice in situ to ambient air in
a polluted industrial area near steel mills. Heritable mutation fre-
quency at tandem-repeat DNA loci in mice exposed 1 km downwind
from two integrated steel mills was 1.5- to 2.0-fold elevated com-
pared with those at a reference site 30 km away. This statistically
significant elevation was due primarily to an increase in mutations
inherited through the paternal germline. Our results indicate that
human and wildlife populations in proximity to integrated steel mills
may be at risk of developing germline mutations more frequently
because of the inhalation of airborne chemical mutagens.

I ntegrated steel mills produce chemical mutagens that contam-
inate atmospheric and aquatic environments (1, 2), and may
pose a genetic hazard to humans and wildlife. Herring gulls
(Larus argentatus) nesting near steel mills on the Great Lakes
were shown to have higher germline mutation rates at minisat-
ellite DNA loci than those at rural sites (3), and mutation
frequency increased with colony proximity to integrated steel
mills (4). It was postulated that inhaled airborne contaminants
emitted from steel mills, such as polycyclic aromatic compounds,
were largely responsible for mutation induction; however, con-
taminants in the aquatic food web and differences in disease and
nutritional status among gull colonies could not be eliminated as
contributing factors. Therefore, the role of air pollution in
producing germline mutations and the risk to humans living near
steel mills could not be determined.

Rodent expanded simple tandem repeat (ESTR) DNA con-
sists of 4- to 6-bp repeat units in long tandem arrays that are
unstable in the germline and tend to mutate by insertion or
deletion of a number of repeat units (5-7). Laboratory studies
have demonstrated that murine ESTR loci are susceptible to
germline mutations induced by chemical (8) or radioactive (9,
10) mutagens, and therefore may be useful tools for environ-
mental contamination studies. The use of sentinel laboratory
animals exposed in situ is a powerful experimental approach for
assessing air pollution hazards because it combines the con-
trolled elements of laboratory studies with direct exposure to
ambient pollution levels (11, 12). Here, we compare germline
ESTR mutation rates in laboratory mice exposed to ambient air
at an industrial site near integrated steel mills to those exposed
at a rural reference location, with the objective of testing
inhalation of industrial air pollution as a route of chemical
mutagen exposure.

Materials and Methods

Environmental Exposure. We housed groups of laboratory mice at
two field sites: 1 km downwind from two integrated steel mills
in Hamilton Harbor (43° 15" N, 79° 51" W), a polluted industrial
area on western Lake Ontario (steel), and simultaneously at a
rural reference location 30 km away (rural). The steel site was
chosen based on elevated germline mutation rates in local
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herring gull colonies (3, 4) and the high levels of chemical
mutagens, such as polycyclic aromatic hydrocarbons (PAH),
present in the air (1).

At each site, 20 male and 20 female outbred Swiss—Webster
mice, 6—8 weeks old (Charles River Breeding Laboratories),
were housed five same-sex individuals per cage inside of identical
2.4 X 2.4 X 1.8-m vinyl utility sheds. Sections of shed walls (1.2 X
1.6 m) were replaced with hardware cloth (1.5 X 1.5-cm mesh),
which allowed flow-through of ambient air. We erected both
sheds on the same compass orientation in partial shade to keep
sun exposure time and direction constant at each site. We placed
mouse cages on a single shelving unit inside of each shed such
that they were not exposed to direct wind or sunlight. Exposures
lasted the 10 weeks from September 10 to November 21, 1999,
during which mice at both sites were given commercial mouse
chow and bottled water from the same source.

Minimum temperature in each shed was partially controlled
using electric heaters. We monitored temperature range on 53 of
the 70 days of exposure by using a maximum/minimum ther-
mometer at the rural site and data from a nearby weather station
at the steel site. Average maximum/minimum temperatures
were 18.6 + 4.7/6.9 = 3.8°C and 16.8 = 5.1/8.5 + 4.4°C for the
rural and steel sites, respectively. The temperature did not fall
below —3°C or rise above 29°C at either site.

Mouse Breeding. Following in situ exposure, mice were returned to
the animal care facility at McMaster University, where they were
given unique tail tattoos that identified individuals and exposure
location. To ensure that fertilizations resulted from mature sperm
that developed from 2n-spermatogonia beginning during in situ
exposure, mice were held in same-sex groups for 6 weeks posttreat-
ment (13-15). Breeding pairs were then assigned randomly within
each group. We monitored females daily beginning 18 days post-
pairing, and recorded date of delivery and litter size, as well as mass
of pups at four intervals during the first 5 days of growth. Tail tissue
was sampled from complete families when the pups were 5 days old.
All animal procedures were approved by the McMaster University
Animal Research Ethics Board following the guidelines of the
Canadian Council on Animal Care.

Genetic Analysis. Genomic DNA was extracted from tail tissue of
both parents and three to six pups from each mouse family by
using a standard phenol/chloroform procedure. DNA (6 pg) was
digested to completion with Haelll, size-fractionated in 42-cm-
long 0.8% agarose gels for 42-50 h (1.5-2.5 V/cm), and trans-
ferred to nylon membrane by Southern blotting (Hybond-XL,
Amersham Pharmacia). DNA fingerprints were generated by
sequential hybridization with 3?P-labeled synthetic ESTR probes
Ms6-hm (5), Hm-2 (6), and MMSI10 (7), and visualized by
autoradiography. Blots were completely stripped of probe DNA
between hybridizations by using 42°C 0.4 M NaOH, followed by
boiling 0.1% SDS. All samples were run with 30 ng of digested
A phage DNA as an in-lane size standard (16).
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Table 1. Germline DNA mutation rates in sentinel mice exposed in situ

Mutation rate* Fisher's exact test

Site Probe Pups scored Bands scored Mutant bands per band = SE* P value*
Rural Ms6-hm 110 234 51 0.22 £ 0.03
Hm-2 968 150 23 0.16 = 0.03
Total single locus: 384 74 0.19 = 0.02
MMS10 110 1,851 51 0.03 £ 0.00
Steel Ms6-hm 94 188 50 0.27 = 0.03 0.06
Hm-2 758 96 30 0.31 = 0.05 0.01
Total single locus: 284 80 0.28 = 0.03 0.01
MMS10 94 1,523 93 0.06 * 0.01 <0.01

*The mutation rates presented do not include 7 and 12 instances of identical mutant bands shared among two or more littermates
(clustered mutations) in the rural and steel groups, respectively. The frequency of this type of mutation event did not differ between

groups (two-tailed Fisher’s exact test, P = 0.28).
TSE = [p(1 — p)/n]®>, where p = observed mutation rate.

*Probability value for a one-tailed Fisher’s exact test comparing rural and steel mutation.
SHm-2 fragments were too small to be detected in a number of parents, resulting in a reduction in the number of pups and bands

screened for mutations at this locus.

Fingerprint bands in offspring that deviated by 1.0 mm or
more relative to the parental progenitor, as determined using the
in-lane size standard, were scored as mutations (17). All bands
co-detected by both a single and multilocus ESTR probe were
included in the single-locus mutation rate only. Mutation events
resulting in identical mutant bands shared among littermates
(clustered mutations), or extra single-locus bands (somatic mu-
tations during embryogenesis), were not included in our analy-
ses. Scoring was performed without knowledge of exposure
location and verified by an independent observer. Mutation rates
were calculated as the number of mutant bands out of the total
scored and compared using a one-tailed Fisher’s exact proba-
bility test. Parentage of all pups was confirmed with band sharing
using multilocus probe MMS10.

Results

Twenty breeding pairs were established from mice exposed at each
field site. Seventeen pairs of steel mice and 19 pairs of rural mice
successfully produced offspring (85% and 95% breeding success for
steel and rural, respectively). Litters born to steel parents had 1.7
fewer pups on average than rural (mean litter size 7.9 = 2.6 and
9.6 = 3.0 pups for steel and rural, respectively; Mann—Whitney,
ny =19,n,=17,U = 230.5, P = 0.07). The mass of pups from each
group did not differ significantly at any time over the first 5 days of
growth (data not shown).

Single and multilocus ESTR probes detected a 1.5- and 2.0-fold
elevation in germline mutation frequency in the steel group over
the rural group, respectively (Table 1). Examples of mutant bands
detected with ESTR single-locus probe Hm-2 are shown in Fig. 1.
Multiallelism and high heterozygosity at ESTR single loci Ms6-hm
and Hm-2 allowed us to determine the parental origin of mutant
bands in all cases. Paternal mutations were 1.6 times more frequent
in steel mice than rural mice, making up most of the overall
elevation in the steel group (Table 2). Maternal mutation rates did
not differ significantly between the two sites.

Discussion

We placed laboratory mice in a high-risk area for induced
germline mutations as identified during herring gull studies (3,
4), and controlled for sources of environmental mutagens other
than airborne emissions. Identical husbandry conditions for mice
in both treatment groups during the study eliminated differences
in nutritional and developmental history of the animals (average
mass of adults did not differ between sites). We therefore
attribute the effect on inherited mutations in the offspring of
sentinel mice directly to variation in air quality between the steel
and rural field sites.
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Few other studies have been able to establish a significant
relationship between ambient pollution levels and germline muta-
tion induction. Hypervariable repetitive DNA markers revealed
elevated mutation rates in human families living near radioactive
contamination sites in Belarus (18, 19), Kazakhstan (20), and the
Ukraine (21), as well as barn swallows nesting near Chernobyl (22).
These sites, however, are unusual in that the source of mutagenic
pollution was either a nuclear reactor accident (18, 19, 20) or bomb
testing (22), which are uncommon events in most human-populated
areas. Elevated minisatellite mutation rates in herring gulls nesting

M12 3456 F
. 8e

-1 8kb
.= 7kb

< I

6kb

—1 5kb

— 4kb
.:oof'(o

Fig. 1. DNA profile of a mouse family exposed at the steel site at ESTR locus
Hm-2. The parents are labeled M (male) and F (female); pups are marked 1-6
(size range is indicated in kb). Three germline mutations are identified with
solid arrows. The paternal alleles in pups 4 and 5 have undergone a large
reduction and asmall gaininsize, respectively. The maternal allele in pup 6 has
undergone a germline mutation event resulting in a small increase in size
(solid arrow), as well as a somatic mutation during embryogenesis that pro-
duced a less intense extra band (open arrow). Somatic mutation events were
not included in our analyses.
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Table 2. Paternal and maternal germline ESTR mutation rates in sentinel mice exposed in situ

Mutation rate*

Site Band origin Mutant bands Bands scored per band = SE* Pvalue*
Rural Paternal 38 192 0.20 = 0.03
Maternal 36 192 0.19 = 0.03
Steel Paternal 46 142 0.32 = 0.04 0.01
Maternal 34 142 0.24 = 0.04 0.07

Data for single loci Ms6-hm and Hm-2 are presented combined. Footnotes are as in Table 1.

near steel mills on the Great Lakes (3, 4) and our findings here are
currently the only examples of heritable mutation induction from
chemical pollution sources. In contrast to previous studies, urban
and industrial air pollution has the potential to affect many people
in most countries. Taken in concert with our observation of a
marginal decrease in litter size in steel mice, which may be indicative
of dominant lethal mutations (23), our findings suggest that there
is an urgent need to investigate the genetic consequences associated
with exposure to chemical pollution through the inhalation of urban
and industrial air.

The highest germline mutation rate we observed in sentinel mice
was in males exposed at the steel site. The timing of spermatogen-
esis in mice and the 6-week delay in breeding following in situ
exposure indicate that premeiotic male germ cells (10, 24) are
sensitive to airborne emissions near steel mills. This period during
male gametogenesis is also sensitive to ESTR mutations induced by
ionizing radiation (10, 25). The fact that the male germline muta-
tion rate was significantly elevated in our study after only a 10-week
exposure is reason for concern. Globally, hundreds of thousands of
humans live or work in industrial areas near steel mills and are
incidentally exposed to airborne emissions. These populations may
be at risk of increased heritable mutation frequency through
exposed fathers. In addition, steelworkers in certain positions inside
plants can be exposed to airborne emissions at much higher levels
than outdoor ambient (26). Many more men than women work in
steel mills, raising the possibility of heritable mutation as a previ-
ously undocumented occupational hazard.

In contrast, the slight elevation in maternal mutation rate we
detected at the steel site was not statistically significant. It would
be premature, based on this, to conclude that the female
germline is not at risk from air pollution exposure. Relatively
little is known about the induction of heritable mutations in
female germ cells; however, mutation induction in mature
oocytes has been demonstrated using the specific locus test with
both radioactive and chemical mutagens (reviewed in refs. 23, 27,
and 28). To our knowledge, direct ESTR mutation induction in
the female germline by using any sort of mutagen has never been
investigated (see refs. 29 and 30 for examples of indirect mater-
nal ESTR mutation induction). We suggest that future research
address the issue of ESTR mutation induction in females. Of
particular interest would be long-term, low-dose exposure of
adults, and embryonic exposures encompassing gametogenesis.

For management purposes, it would be most pertinent to
identify important chemical mutagens and restrict their release
into the air. At the present time, however, we can only state that
some portion of the air in Hamilton Harbor (steel site) caused
elevated heritable mutation frequency. PAHs are produced in
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large quantities by integrated steel mills (31), tend to be asso-
ciated with breathable particulate matter (32), and are among
the most genotoxic components of urban air pollution (33). Total
PAH concentration in Hamilton Harbor air (average for 1999,
117.6 ng/m?) was similar to that found to cause genotoxic effects
in human white blood cells (32), and >50 times higher than that
of the county containing the reference site (F. Dobroff, Ontario
Ministry of the Environment, personal communication). In
addition, extracts of particulate matter containing PAHs in
Hamilton air were shown to be mutagenic in a dose-dependent
manner by using the Ames test (1). We suggest that PAHs from
incomplete coal combustion during steel production are a likely
candidate group for causing elevated germline mutation rates in
the steel mice exposed in our study.

Integrated steel mills in Hamilton are not the only local source
of PAHs and other toxic airborne emissions. A nearby major
commuter highway, diesel-powered industrial vehicles, and the
surrounding population of >640,000 humans also contribute to
air pollution in our study area. It is important to note, however,
that Yauk ef al. (4) examined germline mutations in a herring
gull colony in Toronto, a major city of 3 million people that has
a high volume of traffic but no integrated steel mills. They found
the mutation rate in the Toronto colony to be intermediate
between rural and steel sites, suggesting that steel mills contrib-
ute significantly to germline mutation induction.

The possible impacts on human health associated with in-
creased mutation rates in repetitive DNA sequences are not
known; however, ESTR mutations show a dose-response rela-
tionship to radiation exposure, and have a similar doubling dose
to coding regions of DNA (10). It is therefore likely that a
relationship exists between mutation frequency at ESTR loci
and coding regions that affect phenotype. In addition, ESTR
mutations are induced through unknown mechanisms that may
alter DNA replication, recombination, or repair, and thus ad-
versely affect the entire genome. Our results suggest that a
thorough investigation of the genetic hazards associated with
occupational and incidental exposure to contaminated air in
urban and industrial areas is warranted.
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