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Abstract

Ž .The mutagenicity of 4-methylnitrosamine-1-3-pyridyl-1-butanone NNK , either alone or in combination with low dose
Ž .alpha particle irradiation, was examined using the human–hamster hybrid A cell assay. NNK induced a dose-dependentL

toxicity in A cells. In combination with a 25 cGy dose of alpha particles, the induced survival fraction fell within theL

statistical range of the calculated values assuming an additive interaction of the two agents. In addition, NNK is mutagenic
in A cells at the CD59 locus. Furthermore, a low dose of NNK, when combined with radon alpha particles, resulted in aL

combined mutagenic effect in A cells that was consistent with an additive model but less than additive at higher NNKL
y Ž .concentrations. The majority of NNK induced CD59 mutants 77.6% lost at least one additional marker in addition to the

CD59 which encodes the cell surface antigen. When combined with alpha particles, the proportion of mutants with
additional marker loss increased with increasing dose of NNK. Our study further confirms that NNK is mutagenic in
mammalian cells, induces mostly deletions, and provides an in vitro assessment of the combined genotoxic effects of NNK
and alpha particles at low environmentally relevant doses. This finding should be helpful in understanding the molecular
mechanism of the mutagenic process as a result of multi-agent interaction. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has been recognized for more than four decades
that tobacco smoking is causally associated with
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several types of human cancer such as lung, oral
cavity, and esophageal cancer. Cigarette smoke is a
mixture of about 3800 chemical substances contain-

w xing at least 40 known human carcinogens 1 . Studies
have indicated that 4-methylnitrosamine-1-3-pyridyl-

Ž .1-butanone NNK is the most carcinogenic among
tobacco-specific nitrosamines, and there is approxi-
mately 80–770 ng NNK per cigarette, depending on

w xthe type of tobacco 2 . Although previous studies
have shown that NNK is carcinogenic in mice, rats,

w xand hamsters 3 , little information is available re-
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garding the clastogenic effects of tobacco-specific
nitrosamines in mammalian cell cultures.

Radon, a secondary decay product of uranium-238,
is a colorless, odorless gas that decays with a half-life
of 3.82 days into a series of solid, short-lived ra-
dionucleosides, including polonium-218 and polo-
nium-214 that emit alpha particles during decay.
Radon is ubiquitous in indoor environments, includ-
ing homes and schools and, in general, at concentra-
tions hundreds of fold lower than in underground
mines. Residential exposure to radioactive radon and
its decay products has been estimated to account for
10%–12% of all lung cancer deaths in the United

w xStates 4 . Epidemiological studies have shown that
uranium miners exposed to high levels of radon
progeny have the largest incidence of radiation-
induced lung cancers of any exposed population
w x5 .

Assessment of the carcinogenic and mutagenic
effects of two or more environmental agents in com-
bination is an important health issue, as the risk from
joint exposure may be substantially higher than pre-
dicted from the sum of the individual agents. While
tobacco smoke remains the single most important
compounding factor in lung cancer incidence among
uranium miners, analysis of the current epidemiolog-
ical data cannot formulate a definitive interaction
model between smoking and radon exposure.

Mutation may play a causal role in cancer induc-
Ž .tion either by activating silent oncogene s or by

Ž .eliminating the activity of tumor suppressor gene s .
While the first process can be mediated by point
mutations, the latter can also be brought about by
multilocus deletions. In order to understand the un-
derlying mechanisms of mutagenesis, it is necessary
to analyze the molecular pattern of mutations. In this
paper, we report our findings on mutagenesis in

Ž .human–hamster hybrid A cells treated with gradedL

doses of NNK either alone or in combination with a
single 25 cGy dose of alpha particles. We further
examine the molecular pattern using multiplex PCR.
Our data indicate that NNK induces mostly deletion
mutations at moderately high doses in mammalian
cells. In combination with a 25 cGy dose of alpha
particles, NNK at low non-cytotoxic doses induces a
mutagenic yield that is consistent with an additive
interaction. However, at a higher dose of NNK, the
combined mutagenic yield is less than additive.

2. Materials and methods

2.1. Cell culture

The A hybrid cells that contain a standard set ofL

Chinese hamster ovary-K1 chromosomes and a sin-
gle copy of human chromosome-11 were used. Chro-
mosome-11 encodes cells surface markers that ren-
der A cells sensitive to killing by a special mono-L

clonal antibody in the presence of complement. Rab-
Ž .bit serum complement was from HPR Denver, PA .

Ž .Antibody specific to the CD59 S1 antigen was
w xproduced from hybridoma culture as described 6,7 .

Cells were maintained in Ham’s F-12 medium sup-
plemented with 8% heat-inactivated fetal bovine
serum, 25 mgrml gentamycin, and 2= normal

Ž y4 .glycine 2=10 M at 378C, in a humidified 5%
wCO incubator, and were passaged as described 8–2

x10 .

2.2. Toxicity studies with NNK and alpha particles

ŽA stock solution of NNK Midwest Research
.Institute, Kansas City, MO at 100 mgrml was

Ž .prepared in dimethyl sulfoxide DMSO . Working
concentrations were prepared by diluting the stock
with complete F-12 medium. Exponentially growing
cultures of A cells were treated with NNK in theL

Ž .presence of S9 ICN Biomedicals, Lisle, IL for
either 1 day or 7 days followed by irradiation with a

4 Ž .25 cGy dose of He ions 150 keVrmm . These high
energy particles have a LET value comparable to the
alpha particles emitted by radon progenies. The 4 He
ions were accelerated using a 4 MeV van de Graff
Accelerator at the Radiological Research Accelerator

w xFacility as described previously 11,12 . A single 25
cGy dose of 4 He ions was chosen for the study since
it corresponded to an average of one particle traver-
sal per nucleus based on microdosimetric analysis
w x Ž .13 . The dose of S9 used in this study 184 mgrml
was non-lethal, non-mutagenic, and capable of

Ž .metabolically activating benzo a pyrene in A cellsL
Žbased on our preliminary experiments data not

.shown . After treatment, cultures were washed twice
with balanced salt solution, trypsinized to remove
them from the culture flasks or mylar dishes, and
replated into 100-mm diameter petri dishes for colony
formation. Cultures were incubated for 7–8 days, at
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which time they were fixed with formaldehyde and
stained with Giemsa. The number of colonies was
counted to determine the surviving fraction as de-

w xscribed 8,10 .

( )2.3. Quantification of mutations at the CD59 S1
locus

After treatment, cultures were replated into T75
flasks and cultured for 7 days. This expression pe-
riod was needed to permit surviving cells to recover
from the temporary growth lag caused by NNK with
or without alpha particles and to multiply sufficiently
so that the progeny of the mutated cells were no
longer expressing lethal amounts of the CD59 sur-
faced antigen. To determine mutant fractions, aliquots
containing 5=104 cells per dish were plated into six
60-mm dishes in a total of 2 ml of growth medium

w xas described 8–10 . The cultures were incubated for
2 h to allow for cell attachment, after which 0.3%

Ž .CD59 antiserum and 1.5% volrvol freshly thawed
complement were added to each dish. After overnight
incubation, this medium was removed, and the cul-
tures were further incubated in standard growth
medium for 7–8 days. At this time, the cells were
fixed and stained, and the number of CD59y mutant
colonies was scored. Controls included identical sets
of dishes containing antiserum alone, complement
alone, or neither agent. The cultures derived from
each treatment dose were tested for mutant yield for
two consecutive weeks to ensure full expression of

Ž .the mutations. The mutant fraction at each dose Mf
was calculated as the number of surviving colonies
divided by the total number of cells plated after
correction for any non-specific killing due to com-

Ž .plement alone. The mutant yield My is the slope of
the dose–response curve and is independent of the
background mutant level.

2.4. Analysis of mutant spectrum by multiplex PCR

Cloning of CD59y mutants and PCR analysis
w xwere performed as described previously 9,10 .

Briefly, independently derived colonies from each
treatment groups including controls from each exper-
iment were isolated by cloning and expanded in
cultures, and DNA was extracted using a salt-out

w xmethod described by Miller et al. 14 . To ensure
their clonal origin, either a single colony or, at times,
two well-separated colonies per culture dish were
isolated.

For CD59y mutant analysis, five DNA marker
Žgenes on chromosome-11 Wilms’ tumor, parathy-

.roid hormone, catalase, RAS, and apolipoprotein A-1
were chosen for multiplex PCR analysis because of
their mapping positions relative to the CD59 gene,

Ž w xwhich encodes the CD59 antigen Refs. 6,7,15 ,
.Fig. 1 , and the availability of PCR primers for the

w xcoding regions of these genes 16–18 . PCR amplifi-
cations were performed for 30 cycles using a DNA

Ž .thermal cycler model 480 Perkin-ElmerrCetus in

Fig. 1. Diagram of human chromosome-11 showing the CD59
gene used in defining the CD59y phenotype and the relative
positions of other markers used in the multiplex PCR analysis to
determine the extent of the CD59 mutations. The CD59 gene
maps to 11p13.5. The two nearest markers flanking CD59, CAT

Ž .and WT are separated by approximately 3.6 megabase pairs Mbp
so that the CD59y mutants that retained these neighboring mark-
ers could result from a base change to deletions as large as 3.6
Mbp.
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20 ml reaction mixtures containing 0.2 mg of the
EcoRI-digested DNA sample in 1= Stoffel frag-

Ž .ment buffer, all four dNTPs each at 0.2 mM , 3 mM
MgCl , 0.2 mM each primer, and 2 units of Stoffel2

w xfragment enzyme 8,12 . Each PCR cycle consisted
of denaturation at 948C for 1 min, annealing at 558C
for 1 min, and extension at 728C for 1 min. After the
last cycle, the samples were incubated at 728C for an
additional 20 min, electrophoresed on 3% agarose
gels, and stained with ethidium bromide.

2.5. Statistical analysis

The survival and mutagenic data for either alpha
particles or NNK alone were compared with those
obtained using the two carcinogens concomitantly.
The mode of interaction, either additive, super-ad-
ditive, or antagonistic, was assessed as a function of
effect level at a confidence level of "1 SD as

w xdescribed previously 13,19 .
All numerical data were calculated as mean and

SD, comparisons of survival fractions and induced
mutation frequencies between treated groups and
controls were made by Student’s t-test. A p-value of
0.05 or less between groups was considered to be
significance of the differences.

3. Results

3.1. Toxicity of NNK and alpha particles in A cellsL

NNK induced a dose-dependent toxicity in A L

cells, as shown in Fig. 2, where the survival fractions
after either a 1- or 7-day continuous exposure in the
presence of microsomal S9 fraction are plotted
against drug concentration, the survival data fit well
to a log–linear curve. NNK treatment of A cells forL

a 24-h period was largely non-toxic as shown in Fig.
2. In cultures treated with NNK continuously for 7
days and in which fresh S9 was added every other
day, the toxicity was significantly increased with a

Ž .mean lethal dose D of about 500 mgrml. After a0

single dose of 25 cGy alpha particle irradiation, the
surviving fraction was about 0.70. When cells were
pretreated with NNK for 7 days followed by expo-
sure to a 25 cGy dose of alpha particles, the resultant

Fig. 2. Survival response of A cells treated with graded doses ofL
Ž .NNK plus S9 184 mgrml exposed for either 1 or 7 days. Data

are pooled from four to six experiments. Error bars show means"

S.E.M.

survival fraction fell within the statistical range of
the calculated values assuming an additive interac-

Ž .tion of the two agents Fig. 3 .

3.2. Mutagenicity of NNK and alpha particles

Since the majority of the chromosome-11 is not
required for survival of A cells, the entire geneL

except for a required small segment near the RAS
Ž .gene 11p15.5 can serve as a target for mutagens.

As such, the A cell assay is highly sensitive toL

agents that induce predominately multilocus dele-
w xtions, as demonstrated previously 10,12 . In addi-

tion,, the CD59 surface antigen is an effective ge-
netic marker since its presence or absence can read-
ily measured in a complement-mediated cytotoxicity
assay.

Induction of CD59y mutants by NNK either
alone or in combination with alpha particles is shown
in Fig. 4. The induced mutant frequency for cells
treated with S9 alone for 7 days was similar to the
control. The average background mutant frequency
in these experiments was approximately 50 per 105

survivors. NNK induced a dose-dependent increase
in mutant yield over the range of doses examined.
The single 25 cGy dose of alpha particles induced a

Žnet mutant fraction total mutant yield minus back-
. 5ground averaging 74.5"5.8 per 10 survivors. In

cultures pretreated with either a 25 or 100 mgrml
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Fig. 3. Survival fraction of A cells treated with graded doses ofL
Ž .NNK plus S9 184 mgrml for 7 days followed by a 25cGy dose

of alpha particle irradiation. Survival fraction of a single 25cGy
dose was 0.70. Data are pooled from three to four experiments.
Error bars show means"S.E.M.

dose of NNK, concurrent treatment with alpha parti-
cles induced a combined mutant frequency that was
consistent with an additive effect, i.e., the combined
treatment resulted in a mutant yield which fell within
the statistical range assuming an additive interaction
between the two mutagens. However, with a 400
mgrml dose of NNK, the combined mutant yield in
A cells exposed to concurrent alpha radiation wasL

Žsignificantly less than an additive interaction p-
.0.01 . One plausible explanation is that the treatment

induced mostly multilocus deletions that are incom-
patible with cell survival. In other words, it is possi-
ble that many types of mutations induced by 400
mgrml NNK combined with alpha particles were
poorly recovered in these assays because they were
lethal. To assess this possibility, we examined the
spectrum of mutants induced by the various treat-
ments.

3.3. Analysis of mutant spectra

The CD59 surface antigenic marker is encoded
by the CD59 gene mapped to chromosome 11p13. A
total of 192 mutants, including 35 spontaneous ones,
were analyzed. Fig. 5 shows the cumulative deletion
maps of these CD59y mutants. Previous studies
have shown that a small segment of the human
chromosome-11 near the RAS gene is required for

y w xsurvival of the CD59 mutant 20 . The obligate

presence of this region identified here by the RAS
probe in all the mutants provides a convenient inter-
nal PCR control. Consistent with previous studies,
the majority of spontaneous CD59y mutants showed
no detectable changes in any of the marker genes
examined; 69% of these spontaneous CD59y mu-
tants had retained all of the markers analyzed. In
contrast, only 35% of mutants from alpha particle
irradiation retained all of the marker genes exam-
ined, i.e., 65% of them lost at least one additional
marker gene. The proportion of mutants suffering
loss of additional chromosomal markers increased
with increasing concentration of NNK. Eighty-eight

Ž .percent 23r26 of the mutants induced by a 400
mgrml NNK lost at least one additional marker and

Ž .of which 19% 5r26 lost all four markers examined
which spanned both the short and long arms of the
human chromosome-11. In combination with alpha
particle irradiation, the proportion of NNK-induced
mutants suffering loss of additional markers in-
creased such that for mutants induced by a 400
mgrml dose of NNK in combination with alpha

Ž .particles, 97% 33r34 of the mutants lost at least
one additional marker as compared with 88%
Ž . Ž .23r26 with NNK alone. Furthermore, 24% 8r34
of these mutants induced by the combined treatments

Fig. 4. Induction of CD59y mutants in A cells treated withL
Ž .graded dose of NNK plus S9 184 mgrml for 7 days followed by

a single 25cGy dose of alpha particle irradiation. Induced muta-
tion frequency s total mutant yield minus background. Average
spontaneous mutation frequencies from these three to five experi-
ments averaged 50 per 105 survivors. Error bars show means"

S.E.M.
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Fig. 5. Cumulative deletion spectra of CD59y mutants either of spontaneous origin or from cells treated with graded dose of NNK plus S9
for 7 days alone or followed by a single 25cGy dose of alpha particle irradiation.

Ž .lost all four markers compared with 19% 5r26
induced by NNK alone.

4. Discussion

Tobacco products are responsible for a significant
proportion of human cancers. A recent estimate indi-
cates that cigarette smoking causes approximately
80%–90% of lung cancers, 60%–90% of oral can-
cers, 70%–80% of esophageal cancers, 80%–90% of

larynx cancers, 30% of pancreatic cancers, 40%–50%
of bladder cancers, 10%–50% of kidney cancers, and

w x30% of cervical cancers in the United States 21 . As
one of the strongest carcinogens found in tobacco
smoking, NNK has been shown to induce tumors in
mice, rats, and hamsters. However, the carcinogenic

Ž .and mutagenic mechanism s of NNK are still un-
clear. It has been shown that the amount of NNK in
tobacco smoke are high enough that the total esti-
mated doses to smokers and long term snuff-dippers
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are similar in magnitude to the total doses required
to produce cancer in laboratory animals. These expo-
sures thus represent a realistic risk to cigarette smok-
ers and non-smokers exposed for years to environ-
mental tobacco smoke. Recent studies have shown
that the proportion of smokers affected in the U.S.
population is highest among African Americans
Ž . Ž .35% and Hispanics 20% , and they also have the
highest mortality rate for smoking-related cancers
w x22 . The fact that cigarette smoke can interact with
other environmental pollutant such as asbestos in a
synergistic fashion in cancer induction highlight the
complexity in risk assessment and emphasizes the
urgent need for basic research on the fundamental
mechanisms involved.

Tobacco smoke has been shown to be a com-
pounding factor in the induction of lung cancers
among underground miners exposed to high doses of
radon alpha particles. Radon is ubiquitous in indoor
environments. It is estimated that residential expo-
sure to radon and its progenies may account for

w x10%–12% of all lung cancer deaths in the U.S. 4 .
Epidemiological studies based on cohorts of under-
ground miners have been performed in an attempt to
determine the mode of interaction between smoking
and radon exposure. However, the variance of the
interaction estimate was an order of magnitude
greater than the statistical variance of the individual

w xagents under a no-interaction model 23,24 . There-
fore, it was difficult to formulate a definitive interac-
tion model between smoking and radon exposure.
Animal studies have also shown that exposure to
high levels of cigarette smoke decreased the risk of

w xradon induced lung cancer in dogs 25 , but a syner-
gistic effect of smoking and radon was found in rats
w x26 . In contrast to occupational exposure where the
majority of the target lung epithelial cells were likely

w xto be traversed by multiple alpha particles 27 , the
overwhelming majority of lung cells will never be
exposed to more than a single particle over a lifetime

w xin domestic exposure 28 .
The single 25 cGy dose of an average of 4 He ions

chosen in the present study corresponds to a single
alpha traversal per nucleus based on the measured
cross-section area of 108 mm2 for the A hybridL

w xcells 9 . Our current finding of an additive interac-
tion in mutagenic yield in A cells exposed to a lowL

dose of NNK and alpha particles is consistent with

our previous oncogenic transformation studies in
10T1r2 cells between alpha particles and cigarette

w xsmoke condensate 13 .
Individual difference in susceptibility to cancer

causing agents is one of the most important deter-
mining factors in human risk estimation related to
environmental carcinogenesis. There is evidence
based on both rodent and human studies that NNK
can be activated into a DNA reactive metabolite by
a-hydroxylation of its methylene and methyl group
to yield various DNA methylating and pyridy-

w xloxobuylating species 29 . Studies with NNK in-
duced lung tumors among ArJ mice indicated that
the methylating moieties induce primarily G–A tran-
sition whereas pyridylozobuylating agents induce
mainly G–T transvertion in codon 12 of the K-ras
oncogene. However, report on the genotoxity of
NNK in mammalian cells is rather limited. NNK has
been shown to be largely non-toxic, non-mutagenic

w xat the hprt locus in human lymphoblastoid cells 30
and in splenic lymphocytes from rats exposed in

w xvivo to NNK 31 . The negative findings have been
largely attributed to the inability of the lymphoid
tissue to metabolize NNK since cells transfected
with human cytochrome P450 cDNA demonstrated

w xhigh hprt mutant yields 30 .
In the present study, we treated A cells withL

graded doses of NNK in the presence of S9 rat liver
microsomal fraction. In our preliminary studies, we
had shown that S9 at the dose used was non-toxic,
non-mutagenic, and effective in metabolizing the

Ž .polycyclic aromatic hydrocarbon, benzo a pyrene in
A cultures. We show here that NNK is mutagenicL

in A cells at the CD59 locus. Furthermore, a lowL

dose of NNK, when combined with radon alpha
particles results in a combined effect in A cells thatL

is consistent with an additive model, but a less than
additive response was observed at a higher NNK
concentration. The majority of NNK induced CD59y

Ž .mutants 77.6% lost at least one additional marker
examined. When combined with alpha particles, the
proportion of mutants with additional marker loss
increased with increasing dose of NNK. Our study
further confirms that NNK is mutagenic in mam-
malian cells and induces mostly deletions. The data
are comparable to the hprt mutant spectra induced

Ž .by equivalent doses of NNK data not shown . The
mutant spectra for CD59 mutants induced by the
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single 25 cGy dose of alpha particles are consistent
with previous reports that high linear energy transfer
radiation induces predominately multilocus deletions
in mammalian cells at the various genetic loci exam-

w xined 9,12,32 . While mutations at codon 249 of
exon 7 in the p53 gene had previously been sug-
gested to be a hotspot mutation in lung cancers

w xamong Colorado uranium miners 33 , there is recent
evidence that such point mutations may not be com-

w xmon among other miner cohorts studied 34,35 .
Consequently, if loss of the p53 tumor suppressor
function is a target for radon alpha particles, it is
likely to occur by chromosomal loss via intrachro-

w xmosomal deletions 35,36 .
Since the majority of the chromosome-11 is not

required for the survival of A cells, the entire geneL

except for a required small segment near the RAS
Ž .gene 11p15.5 can serve as a target for mutagens

w x9,12,20 . As such, the A cell assay is highlyL

sensitive to agents that induce predominately multi-
w xlocus deletions, as demonstrated previously 10,12 .

In this regard, our finding is consistent with the
recent report that NNK induced a significant increase
in exon loss of the hprt gene among NNK induced
mutants in a metabolically competent human lym-

w xphoblastoid MCL-5 cells 37 . Our in vitro finding
provides the first report on the combined genotoxic
effects of NNK and alpha particles and should be
helpful in understanding the interactive mechanism
of diverse environmental carcinogens at low doses.
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