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Abstract
The multi-endpoint cytokinesis-blocked micronucleus assay is used for assessing chromosome
aberrations. We have recently reported that this assay is extremely sensitive to genetic damage caused
by the tobacco-specific nitrosamine 4-(methylnitrosamino)-1-(3-pyr-idyl)-1-butanone (NNK) and
that the binucleated cells with micronuclei, nucleoplasmic bridges, and nuclear buds in lymphocytes
(chromosome damage endpoints measured by the assay) are strong predictors of lung cancer risk. In
the current study, we refined our analysis to include toxicity endpoints (micronuclei in
mononucleated cells, apoptosis, necrosis, and nuclear division index) to investigate the benefit of
including these variables on improving the predictive value of the assay. Baseline and NNK-induced
micronuclei in mononucleated cells were significantly higher in patients (n = 139) than controls (n
= 130; P < 0.001). Baseline apoptosis was higher among cases; however, the controls showed a
significant higher fold increase in NNK-induced apoptosis compared with baseline (P < 0.001).
Principal components analysis was used to derive a summary measure for all endpoints and calculate
the positive predictive value (PPV) and negative predictive value (NPV) for disease status. First
principal component for NNK-induced chromosome damage endpoints (binucleated cells with
micronuclei, nucleoplasmic bridges, and nuclear buds) had an area under the curve = 97.9 (95%
confidence interval, 95.9-99.0), PPV = 94.8, and NPV = 92.6. The discriminatory power improved
when micronuclei in mononucleated cells were included: area under the curve = 99.1 (95%
confidence interval, 97.9- 100.0), PPV = 98.7 and NPV = 95.6. The simplicity, rapidity, and
sensitivity of the assay together with potential for automation make it a valuable tool for screening
and prioritizing potential cases for intensive screening.

Introduction
Lung cancer is the leading cause of cancer mortality in the United States, and there is an urgent
need to improve outcome by identifying and validating markers to predict risk and facilitate
earlier diagnosis (1). Cancer results from an accumulation of multiple genetic changes that lead
to genetic instability. Such instability can be mediated through chromosomal changes and
therefore has the potential to be cytogenetically detectable (2). Evidence that cytogenetic
biomarkers are positively correlated with cancer risk has been strongly validated in recent
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results from both cohort and nested case-control studies, leading to the conclusion that
chromosome aberrations are a marker of cancer risk (3-7), reflecting the outcome of both the
genotoxic effects of carcinogens and individual cancer susceptibility.

The cytokinesis-blocked micronucleus assay (CBMN) in human lymphocytes is one of the
most commonly used methods for measuring DNA damage (8). The inhibition of cytokinesis
by cytochalasin B allows one to discriminate between cells that did not divide after treatment
and cells that did divide, thus preventing the confounding effects caused by differences in cell
division kinetics (9,10). The CBMN assay, more recently known as the CBMN “cytome” or
CBMN Cyt assay (11), is a multi-endpoint assay for identifying chromosome fragments or
whole chromosomes that fail to engage with the mitotic spindle and therefore lag behind when
the cell divides. Because cells are blocked in the binucleated stage, it is also possible to measure
nucleoplasmic bridges originating from asymmetrical chromosome rearrangements and/or
telomere end fusions (12,13) as well as nuclear buds that represent a mechanism by which cells
remove amplified DNA and that is therefore considered a marker of possible gene amplification
(14).

For the most comprehensive analysis, the frequency of micronuclei in mononucleated cells can
also be determined. Mononucleated cells result from cells that did not divide ex vivo due to
DNA damage—induced cell cycle checkpoint arrest or cells that completed DNA repliction
but did not divide due to mitotic slippage, or micronuclei originating from nuclear buds that
may be produced during S phase during nuclear elimination of amplified DNA or DNA repair
complexes (10,11). Therefore, micronuclei in mononucleated cells and micronuclei in
binucleated cells are different but complementary measures. In addition to micronuclei in
mononucleated or binucleated cells, the CBMN Cyt assay also allows for scoring of other
critical events, such as cell death (both apoptosis and necrosis) as well as cell division and cell
cytotoxicity indices, leading to a better understanding of the mechanisms involved in sensitivity
to chemical exposures (15).

Host susceptibility to carcinogenic exposures plays an important role in modifying an
individual’s risk for development of cancer. This notion is supported by the fact that only a
fraction of long-term smokers (~15%) will develop lung cancer in their lifetimes (16). Cigarette
smoke contains over 60 carcinogens (17). The tobacco-specific nitrosamine 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is a strong pulmonary carcinogen and
a potent inducer of lung adenocarcinoma, now the leading lung cancer subtype in the United
States (18). NNK induces lung cancer independent of route of administration in both
susceptible and resistant strains of mice (19). The estimated NNK dose of lifetime smokers (2
packs per day for 40 years) is 1.6 mg NNK/ kg body weight close to the lowest dose shown to
induce lung tumors in rats 1.8 mg (20). The total level of NNK in mainstream smoke is 3 to
15 times that of benzo[a]-pyrene (21). Studies on the metabolism of NNK have shown that it
induces cross-links in DNA; interacts with DNA, forming different types of adducts; and
increases the frequency of chromosome aberrations (22,23). DNA adducts are generated by
NNK through the methylation or the pyridyloxobutylation pathway.

Such adducts have been detected in cells and tissues susceptible to NNK carcinogenesis in
rodents and humans (24). Bulky adducts are repaired by nucleotide excision repair; unrepaired
DNA damage can block DNA replication and thereby result in the generation of double-strand
DNA breaks. As for the methylated adducts, it has been shown that the resultant strand breaks
are due to the creation of AP sites that subsequently lead to strand breaks. It has been proposed
that inhibition of replication fork movement due to methylation lesions causes nuclease attack
at stalled replication forks that result in double-strand DNA breaks, which cause chromatid-
type aberrations (25). Various N-methylation lesions, such as N3-methyladenine, are supposed
to block DNA replication.
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Also, apurinic sites resulting from spontaneous hydrolysis of N-methylpurines, such as N7-
methylguanine and N3-methyladenine, are likely critical candidates in blocking replication and
thus leading to double-strand DNA breaks. If not repaired, or illegitimately recombined,
double-strand DNA breaks will be expressed as chromatid-type aberrations in M1. Likewise,
a similar process may give rise to aberrations in M2 with O6MeG/ T-derived secondary lesions
being the trigger (26,27). Hecht (28) reported that DNA adducts derived from NNK are present
at a higher level in lung tissues from lung cancer patients than controls, and metabolites of
NNK are found in the urine of people who use tobacco products or are exposed to environmental
tobacco smoke. The repair kinetics for NNK-induced genetic damage has not been clearly
elucidated but may involve several DNA repair pathways, including base excision and
nucleotide excision repair pathways (29).

We have recently conducted a proof-of-principle case-control study to evaluate whether NNK-
induced damage, as assessed by the CBMN assay, was associated with lung cancer risk. Using
only three (micronuclei, nucleoplasmic bridges, and nuclear buds in binucleated cells) of the
potential eight endpoints [micronuclei, nucleoplasmic bridges, and nuclear buds in binucleated
cells, micronuclei in mononucleated cells, apoptosis, necrosis, nuclear division index (NDI),
and nuclear division cytotoxicity index (NDCI)] assessed by the CBMN Cyt assay, our results
indicated that lung cancer cases (n = 139) and controls (n = 130) had differential sensitivity to
the genotoxic effects of NNK. The lymphocytes from patients with lung cancer were
significantly more sensitive to NNK clastogenic effects than were lymphocytes from the
controls (30). We concluded that this assay is sensitive to NNK-induced genetic damage and
that the three endpoints used serve as a strong predictor of lung cancer risk. In the current study,
we evaluated the added advantage of including in the analysis the remaining five endpoints on
improving the predictive value of the CBMN Cyt assay, thus allowing an even more sensitive
and specific characterization of high-risk smokers.

Materials and Methods
Study Population

Cases and controls for this analysis were accrued from an ongoing molecular epidemiologic
study on susceptibility markers for lung cancer. The 139 cases were consecutive patients with
newly diagnosed, previously untreated, histologically confirmed lung cancer who were self-
reported ever-smokers. All cases were recruited from The University of Texas M. D. Anderson
Cancer Center, with no age, sex, ethnicity, tumor histology, or disease stage restrictions. The
130 healthy controls were recruited from the Kelsey-Seybold Clinic, Houston’s largest private
multispecialty physician group. Controls were frequency matched to the cases by age (±5
years), sex, ethnicity, and smoking status (current and former). Data related to the subjects’
medical history, family history of cancer, smoking habits, and occupational history were
obtained through an interviewer-administered risk factor questionnaire and by review of an
institutional electronic patient history database. The institutional review boards at both The
University of Texas M. D. Anderson Cancer Center and Kelsey-Seybold Clinic approved this
study. After giving informed consent, all study participants donated a 10 mL blood sample,
which was drawn into coded heparinized tubes.

Lymphocyte Cultures for CBMN Assay
The CBMN Cyt assay was done using the cytochalasin B technique described by Fenech and
Morley (31) and following recommendations from the International Collaborative Project on
Micronucleus Frequency in Human Populations (HUMN Project) to measure the different
endpoints in untreated cells and NNK-treated cells. Duplicate lymphocyte cultures were
prepared for each study subject. Each culture contained 2.0 × 106 cells in 5 mL RPMI 1640
supplemented with 100 units/mL penicillin, 100 μg/mL streptomycin, 10% fetal bovine serum,
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2 mmol/L L-glutamine (Life Technologies/Invitrogen), and 1% phytohemagglutinin (Remel).
For the cultures treated with NNK, 24 h after initiation, the peripheral blood lymphocytes were
centrifuged, and the supernatant growth medium was removed and reserved. The lymphocytes
were resuspended in 5 mL serum-free RPMI 1640 supplemented with 0.24 mmol/L NNK, a
concentration used previously by us and others (National Cancer Institute, Midwest Carcinogen
Repository; purity, >98%; refs. 32,33) and incubated at 37°C in the presence of 5% CO2 for 2
h. Next, the peripheral blood lymphocytes were washed twice with serum-free RPMI 1640,
transferred to clean tubes, and reincubated for 48 h in the reserved supernatant. At 44 h after
initiation, cells were blocked from entering cytokinesis by the addition of cytochalasin B
(Sigma; final concentration, 4 μg/mL). Cultures for the determination of spontaneous damage
(untreated cells) were handled in the same manner, with the exception of treatment with NNK.
The total incubation time for all cultures was 72 h. After incubation, the cells were fixed in 3:1
methanol/glacial acetic acid, dropped onto clean microscopic slides, air dried, and stained with
Giemsa stain. Slides were scored blindly using a Nikon E-400 light optical microscope
following the scoring criteria outlined by the HUMN Project (31,34). For each sample, 1,000
binucleated cells were evaluated for the frequency of micronuclei (MN-BN), nucleoplasmic
bridges (NPB-BN), and nuclear buds (Bud-BN) in binucleated cells. In addition, micronuclei
in 1,000 mononucleated cells were evaluated (MN-Mono). Five hundred cells were assessed
for cell proliferation and cell death by measuring the frequency of mononucleated, binucleated,
and multinucleated cells as well as necrotic and apoptotic cells following the recommendations
of the HUMN Project (11,31,34); Fig. 1 illustrates the different endpoints assessed using the
CBMN Cyt assay.

Statistical Analysis
All analyses were done using the Intercooled Stata 8.0 statistical software package (Stata).
Pearson’s χ2 test was used to test for differences between the cases and controls in terms of
sex, alcohol consumption, and family history of cancer. Student’s t test was used to test
differences in mean age and average number of cigarettes smoked per day. To compare the
distribution frequency of spontaneous and NNK-induced micronuclei in mononucleated cells,
apoptosis and necrosis between the cases and controls, we used the nonparametric Wilcoxon
rank-sum test (continuous) and Pearson’s χ2 test (categorical). Odds ratios and 95% confidence
intervals (95% CI) were calculated to provide an estimate of the risk of lung cancer associated
with the number of spontaneous and NNK-treated micronuclei in mononucleated cells.
Unconditional multivariable logistic regression analysis was used to control for confounding
by age, sex, alcohol consumption, smoking status, and smoking years.

To comprehensively evaluate the overall data (MN-BN, NPB-BN, Bud-BN, MN-Mono,
apoptosis, necrosis, NDI, and NDCI), we used principal components analysis to derive a
summary measure for all endpoints (spontaneous, NNK treated, and combined). Principal
components analysis aims to explain the variance-covariance structure in a set with p number
of variables (X1, X2, ...,Xp) and involves a mathematical procedure that transforms a number
of (possibly) correlated variables into a (smaller) number (k) of uncorrelated variables called
principal components. Although the entire amount of variability is explained in the total set of
p principal components, the majority of this variability is explained in only k components
(where k ≤ p). The first principal component (FPC) is the linear combination with maximum
variance, and each succeeding component is the linear combination with remaining maximum
variance.

In this study, we retained only the FPC. We randomly split the participants into two groups:
one to derive the FPC (training set) and the other to evaluate the ability of FPC to discriminate
between lung cancer cases and controls. The training set involved 62 cases and 62 controls,
whereas the testing set contained the remaining 77 cases and 68 controls. Using the test set,
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we calculated specificity and sensitivity, constructed receiver operator characteristic curves,
and calculated the area under the curve statistic to estimate the ability of each FPC to
discriminate between cases and controls. We also calculated positive predictive value (PPV)
and negative predictive value (NPV) for each FPC.

Results
Demographics and Study Population

The demographic characteristics of the 139 cases and 130 controls are summarized in Table
1. Cases and controls did not differ significantly in terms of sex. The cases were on average
2.5 years younger than the controls (P < 0.001); however, the difference was still within the
5-year matching criterion. Twenty-four percent of the patients self-reported a family history
of cancer in first-degree relatives compared with 22% of the controls (P = 0.780). Cases were
more likely to report alcohol use (P = 0.003) and had on average smoked cigarettes for 42.1
years compared with 37.7 years for controls (P < 0.001) with a median of 32 years. However,
both groups reported smoking about the same number of cigarettes per day.

Summary of the Frequencies of Spontaneous and NNK-Induced Micronuclei in Binucleated
Cells

We have reported previously that the three most commonly used measures of the CBMN assay
(MN-BN, NPB-BN, and Bud-BN) may serve as a strong predictor of lung cancer risk (30).
The mean levels of both spontaneous and NNK-induced chromosomal damage observed in
1,000 binucleated cells were significantly higher in cases compared with controls. The
probability of being a cancer patient were 96%, 98%, and 100% when using the 95th percentiles
of spontaneous and NNK-induced micronuclei, nucleoplasmic bridges, and nuclear buds,
respectively, in combination. In the following section, we present the results generated by using
the CBMN Cyt assay as a comprehensive biomarker assay for assessing chromosomal damage,
cell death, and cell proliferation.

Frequencies of Spontaneous and NNK-Induced MN-Mono Cells
Data on the frequency of spontaneous MN-Mono cells are summarized in Table 2. The mean
number of spontaneous MN-Mono was significantly higher in the cases (mean ± SE, 2.47 ±
0.10) than in the control subjects (mean ± SE, 1.28 ± 0.12; P < 0.001). Women had slightly
higher levels of MN-Mono than did men among both cases (mean ± SE, 2.55 ± 0.18 compared
with 2.43 ± 0.13) and controls (1.41 ± 0.25 compared with 1.23 ± 0.14). There was no difference
in the number of MN-Mono by age (median, 62 years) or by years of smoking (median, 32
years).

With regard to NNK-induced MN-Mono, the mean number was also statistically significantly
higher in cases (mean ± SE, 5.68 ± 0.14) than in controls (mean ± SE, 2.10 ± 0.09; P <
0.001;Table 2). Men had slightly higher levels of MN-Mono than did women among both cases
(mean ± SE, 5.75 ± 0.17 compared with 5.50 ± 0.23) and controls (2.14 ± 0.12 compared with
2.00 ± 0.14). There was no difference in the number of MN-Mono by median age or by median
years of smoking.

Approximately 42% of the cases had ≥3 MN-Mono compared with only 14% of control
subjects, and 86% of the control subjects had <3 MN-Mono compared with 58% of the cases
(P < 0.001; Table 3). When the spontaneous MN-Mono data were analyzed as a continuous
variable using multivariate logistic regression, there was a 2.10-fold increase in lung cancer
risk (95% CI, 1.59-2.76) for each unit increase in MN-Mono frequency. Substantially more
cases exhibited ≥3 NNK-induced MN-Mono than did controls (91% versus 28%); conversely,
far fewer cases than controls had <3 NNK-induced MN-Mono (3% versus 72%; P <
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0.001;Table 3). When the NNK-induced MN data were analyzed as a continuous variable, there
was a 5.43-fold increase in lung cancer risk (95% CI, 3.46-8.52) for each unit increase in NNK-
induced MN-Mono. No substantial differences were detected when the frequencies of
spontaneous or induced MN-Mono were stratified by gender, age, number of years smoked,
number of cigarettes per day, alcohol intake, family history of cancer, tumor histology, or
disease stage. Figure 2 shows the distribution of the average spontaneous and NNK-treated
CBMN Cyt DNA damage endpoints (MN-BN, NPB-BN- Bud-BN, and MN-Mono) in cases
compared with controls.

Cell Division and Cytotoxicity
The proportion of mononucleated, binucleated, trinucleated, and multinucleated cells per 500
cells was scored for each study subject for both baseline and NNK-treated cultures. Cases had
a significantly higher mean number of mononucleated cells than did controls in both baseline
and treated cultures (mean ± SE, 79.9 ± 1.49 compared with 63.8 ± 0.54 and 98.5 ± 2.16
compared with 85.3 ± 0.81 for baseline and NNK-treated cultures, respectively; P < 0.001).
On the other hand, the controls showed a significantly higher mean number of binucleated,
trinucleated, and polynucleated cells than did the cases for both baseline and NNK-treated
cultures (P < 0.001;Fig. 3).

Using this information, we calculated the NDI according to the following equation:

where M1 to M4 are the numbers of cells with one to four nuclei and N is the total number of
viable cells scored. The NDI and the proportion of binucleated cells are biomarkers of mitogen
response and immune function in lymphocytes as well as cytostatic effects of agents examined
in the assay (35). At baseline, lymphocytes from cases had a significantly lower mean NDI
than did lymphocytes, from controls (mean ± SE, 1.52 ± 0.01 compared with 2.08 ± 0.01,
respectively; P < 0.001). Similarly, after NNK treatment, lymphocytes from cases had a
significantly lower mean NDI than did lymphocytes from controls (1.30 ± 0.01 compared with
1.82 ± 0.01, respectively; P < 0.001). Figure 4A shows the clear-cut bivariate distribution
between the cases and controls for the average spontaneous NDI by average NNK-treated
endpoints, with the cases showing slower nuclear division.

Frequencies of Spontaneous and NNK-Induced Cell Death (Apoptosis or Necrosis)
Spontaneous Apoptosis and Necrosis—The frequency of spontaneous apoptotic cells
was significantly higher in the cases (mean ± SE, 122.17 ± 2.22) than in the controls (32.89 ±
1.60; P < 0.001;Table 2). Approximately 89% of the controls had a low number of spontaneous
apoptotic cells (<60) compared with none of the cases. Almost half (44%) of the cases had a
high number (>120) of spontaneous apoptotic cells compared with none of the controls. With
regard to frequency of necrotic cells, the average number of spontaneous necrotic cells was
significantly higher in the cases than in the controls (mean ± SE, 104.12 ± 2.02 and 28.94 ±
1.38, respectively; P < 0.001;Table 2). Approximately 81% of the controls had a low number
(<60) of spontaneous necrotic cells compared with none of the cases. About 15% of the cases
had a high number (>120) of spontaneous necrotic cells compared with none of the controls.

NNK-Induced Apoptosis and Necrosis—The number of NNK-induced apoptotic cells
was also significantly higher in cases (mean ± SE, 152.35 ± 2.78) than in controls (67.58 ±
1.33; P < 0.001; Table 2). An interesting observation was that although the cases had a
significantly higher spontaneous level of apoptosis than the controls (median, 118 compared
with 28.5, respectively), the level of NNK-induced apoptosis was lower in cases than in
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controls. Significantly different percent mean increase was observed between both spontaneous
and NNK-induced apoptosis among cases (24.7%) and controls (105%).

With regard to NNK-induced necrosis, the extent of necrotic cells was also significantly higher
in cases (mean ± SE, 127.35 ± 2.26) than in controls (58.46 ± 1.15; P < 0.001;Table 2). Similar
to the results from apoptosis, although the cases had a significantly higher level of spontaneous
necrosis than did the controls (median, 97 compared with 25.5, respectively), the extent of
NNK-induced necrosis was significantly lower in cases than in controls (22% compared with
102%, respectively). No substantial differences, within cases or controls, were detected when
the frequencies of spontaneous or induced apoptotic or necrotic cells were stratified by gender,
age, number of years smoked, number of cigarettes per day, alcohol intake, family history of
cancer, tumor histology, or disease.

In addition, and to ensure a more accurate assessment of nuclear division status and cell division
kinetics, the number of cells in apoptosis and necrosis was also taken into consideration,
generating a NDCI. The NDCI takes account of viable as well as necrotic and apoptotic cells:

where APO is the number of apoptotic cells, NEC is the number of necrotic cells, M1 to M4
are the numbers of viable cells with one to four nuclei, and N is the total number of cells scored.
At baseline, lymphocytes from cases had a significantly lower mean NDCI than did those from
controls (mean ± SE, 1.07 ± 0.01 compared with 1.95 ± 0.01, respectively; P < 0.001).
Similarly, after NNK treatment, lymphocytes from cases had a significantly lower mean NDCI
than did those from controls (mean ± SE, 0.74 ± 0.02 compared with 1.57 ± 0.01, respectively;
P < 0.001). Figure 4B shows the bivariate distribution of average spontaneous NDCI by average
NNK-treated endpoints.

Principal Components Analyses—The FPC for the NNK-induced chromosome damage
endpoints, including MN-BN, NPB-BN, and Bud-BN, had an area under the curve = 97.9 (95%
CI, 95.9-99.0), PPV = 94.8, and NPV = 92.6. When the additional endpoint of NNK-induced
MN-Mono was included in the principal components analysis, the discriminatory power of the
resulting FPC was higher: area under the curve = 99.1 (95% CI, 97.9-100.0), PPV = 98.7, and
NPV = 95.6, showing that the addition of NNK-induced MN-Mono leads to even better
discrimination between cases and controls Table 4.

Discussion
The CBMN assay is a genotoxicity assay that provides simultaneous information on a variety
of chromosomal damage endpoints that reflect chromosomal breakage, chromosome
rearrangements, and gene amplification. In a recent study, we reported that lung cancer cases
and matched controls had differential sensitivity to the genotoxic effects of the tobacco-specific
nitrosamine NNK. The lymphocytes from patients with lung cancer were significantly more
sensitive to NNK than were those from controls, with 1.6-, 3.4-, and 8.9-fold increases in
micronuclei, nucleoplasmic bridges, and nuclear bud frequencies, respectively. Our results also
indicated that these cytogenetic endpoints appear to be highly predictive of lung cancer status
(30). Over the past few years, the CBMN assay has been modified to measure not only
chromosome breakage, chromosome loss, and nondis-junctions but also other cellular events,
such as apoptosis and necrosis (8), and is now known as the CBMN Cyt assay (11). To our
knowledge, our current report is the first case-control study to evaluate the added benefit of
including these additional variables (that could be simultaneously evaluated as part of the
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CBMN Cyt assay) to test their effect on improving the predictive value of this assay and also
to provide insight into the underlying mechanisms in lung carcinogenesis.

Our results showed that the cases had significantly higher levels of baseline micronuclei in
mononucleated cells than did the controls, indicating a significantly higher level of in vivo
genetic damage and cytotoxicity. It is possible that some of the lymphocytes already harbor
micronuclei before they are stimulated to divide in culture (10,11). This is especially plausible
in situations of increased genomic instability or chronic exposure to genotoxins. Micronuclei
in mononucleated cells may also represent cells in which the replicated DNA escaped nuclear
division or cells that divided but escaped cytochalasin B block. Micronuclei in mononucleated
cells may also represent cells that are at a very early stage of induced cell death (either apoptosis
or necrosis;ref. 10). In our study, the cases had significantly higher levels of NNK-induced
micronuclei in mononucleated cells, which may reflect an increase in the number of damaged
cells that failed to divide. This possibility is supported by the cell division data showing a
significantly reduced number of cells proceeding to the second and subsequent cell divisions
in the cases compared with controls. Our data did not reveal any substantial differences when
the frequencies of spontaneous or induced micronuclei in mononucleated cells were stratified
by patient age or smoking history.

It is important to note that all the cases and controls were heavy smokers and within the same
age group and were heavy smokers; therefore, the effect of age or smoking could not be
evaluated. In addition, our data showed no substantial differences when the frequencies of the
endpoints (spontaneous or induced) were stratified by disease stage or tumor histology, thus
excluding the probability of being a disease marker.

The extent of the observed DNA damage is dependent on the extent of other cellular events,
such as necrosis and/or apoptosis. Necrosis leads to the release of degradative enzymes that
cause partial digestion of the DNA during the early stages (12). Our results indicate that the
lung cancer cases had a significantly higher level of spontaneous necrotic cells than did the
controls (P < 0.001). This could be due to the chronic inflammatory milieu in the cases with
increased necrosis (36). Similarly, the cases showed significantly higher levels of NNK-
induced necrosis compared with controls, reflecting a higher differential sensitivity of blood
lymphocytes in the cases not only to the genotoxic effect of the NNK but also to the cytotoxic
effects of the chemical. This observation is supported by the significantly reduced NDCI in
cases compared with controls.

The lung cancer cases in our study had a higher baseline level of apoptotic cells than did the
controls. Although intriguing, this observation could potentially be explained by the increased
oxidative burden in the cancer cases. Oxidative stress generates reactive oxygen species that
are known to induce cellular senescence and apoptosis (37,38). The tobacco carcinogen NNK
has been reported to induce apoptosis, either through induction of reactive oxygen species
(39) or through a mechanism that involves β-adrenergic-mediated release of arachidonic acid
(40). Although the cancer cases had a higher frequency of apoptotic cells than did the controls,
the induction of apoptosis by NNK was lower in cases than in controls, indicating the possibility
of defective apoptotic machinery in the cases, thus allowing for the survival of damaged cells.
NNK is considered to be a major contributor to lung carcinogenesis in smokers (41,42). It has
been reported that NNK induces DNA damage (29), DNA adduct formation, increased
oxidative stress (43), and p53 and Ras mutations (29,41). It has been recently reported that
NNK induces phosphorylation of Bcl2, facilitating the interaction between Bcl2 and c-Myc,
which in turn stabilizes c-Myc protein and enhances its global inhibition of apoptosis, thereby
contributing to lung cancer development and proliferation of tumor cells (44).
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One of the added advantages to the application of the CBMN Cyt assay is that it could be
applied to large populations, because only a small amount of blood is needed, a wide spectrum
of genetic damage in cells could potentially be assessed at a relatively low cost, and it is
technically not as demanding as the conventional chromosome aberrations assays (45). To
comprehensively evaluate the added benefit of using the overall data, we used FPC analysis
to identify the measures that are most important for distinguishing among cases and controls
and to predict case status. Our data indicated that including the MN-Mono data in the analysis
improved the PPV from 94.8% [PPV derived from NNK-induced MN-BN, NPB-BN, and
Buds-BN] to 98.7% [NNK-induced MN-BN, NPB-BN, Buds-BN, and MN-Mono]. Similarly,
the best NPV were observed when MN-Mono data were included in the analysis: 95.6% [NPV
derived from NNK-induced MN-BN, NPB-BN, Buds-BN, and MN-Mono] versus 92.6%
[NNK-induced MN-BN, NPB-BN, and Buds-BN]. Unfortunately, owing to the relatively small
sample sizes that led to model convergence problems, we were not able to simultaneously
evaluate the discriminatory power of the FPC (including MN-Mono) and NDCI. Larger sample
sizes are therefore needed to comprehensively evaluate the added effect of cellular events (such
as apoptosis, necrosis, and cell proliferation) on improving the predictive values of this
biomarker assay.

In summary, our study showed that the CBMN Cyt assay is an exquisitely sensitive and specific
predictor of lung cancer risk. The addition to the assay of micronuclei in the mononucleated
cells not only improves the PPV and the NPV but also provides an added advantage to
evaluating the level of in vivo genetic instability and delay in cell proliferation that may in turn
shed light on the underlying mechanisms of the carcinogenic process. The simplicity, rapidity,
and sensitivity of the CBMN test make it a valuable tool for screening and possibly for
prioritizing potential cases for intensive surveillance. This assay appears to provide results that
yield more accurate predictions than other phenotypic assays currently undergoing assessment
in this population of lung cancer cases and controls. Lung cancer is the leading cause of cancer
mortality in the United States, and there is an urgent need to improve outcome by identifying
and validating markers to predict risk (1). Prevention of even 10% of annual deaths from lung
cancer would save an estimated 17,000 lives, equivalent to all the annual deaths in the United
States from ovarian cancer and almost all the annual deaths from brain cancers. Clinically, the
ability to identify high-risk subgroups is imperative, where such individuals might benefit from
increased screening surveillance that is not appropriate for low-risk individuals. Additionally,
the high-risk subgroups could be targeted for prevention trials.
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Figure 1.
Representative images of cells scored using the CBMN Cyt assay: (A) normal binucleated cell,
(B) binucleated cell with micronuclei, (C) binucleated cell with nucleoplasmic bridge, (D)
binucleated cell with bud, (E) mononucleated cell with micronucleus, (F) cell in necrosis,
(G) cell in apoptosis, and (H) polynucleated cells.
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Figure 2.
Bivariate distribution of average spontaneous CBMN Cyt DNA damage endpoints
(micronuclei in binucleated cells, nucleoplasmic bridges, nuclear buds, and micronuclei in
mononucleated cells) by average NNK-treated endpoints.
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Figure 3.
Comparison of mean frequency of cell proliferation/500 cells in baseline and NNK-induced
cultures among cases and controls. Cases showed a higher number of mononucleated cells than
controls (baseline and treated), whereas the reverse was observed for the binucleated,
trinucleated, and polynucleated cells.
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Figure 4.
Bivariate distribution of average spontaneous NDI (A) and NDCI (B) by average NNK-treated
endpoints.
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Table 1

Demographic characteristics of the study population

Variable Cases (n = 139) Controls (n = 130) P*

Age, mean (SE), y 58.4 (0.41) 60.9 (0.32) <0.001

Sex, n (%)

 Men 97 (69.8) 93 (71.5)

 Women 42 (30.2) 37 (28.5) 0.75

Family history of cancer, n (%)

 No 106 (76.3) 101 (77.7)

 Yes 33 (23.7) 29 (22.3) 0.78

History of alcohol use, n (%)

 Yes 91 (65.5) 65 (50.0)

 No 47 (34.5) 59 (45.4) 0.003

Cigarette smoking, mean (SE)

 No. years smoked 42.1 (0.5) 37.7 (9.6) <0.001

 No. cigarettes smoked per day 30.2 (1.38) 29.2 (1.21) 0.651

NOTE: All study subjects were self-reported Caucasians and current smokers.

*
P values were derived from the χ2 test for categorical variables and Student’s t test for continuous variables. All P values are two-sided.
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Table 2

Overall spontaneous and NNK-induced micronuclei/1,000 mononucleated cells and cell death (apoptosis and
necrosis) in 500 cells

Spontaneous (mean ± SE) NNK induced (mean ± SE) Percent mean increase

Cases

 Micronuclei in mononucleated/1,000 2.47 ± 0.10 5.68 ± 0.14 130.0

 Cell death/500 cells

  Apoptosis 122.17 ± 2.22 152.35 ± 2.78 24.7

  Necrosis 104.12 ± 2.02 127.05 ± 2.26 22.0

Controls

 Micronuclei in mononucleated/1,000 1.28 ± 0.12 2.10 ± 0.09 64.1

 Cell death/500 cells

  Apoptosis 32.89 ± 1.60 67.58 ± 1.33 105.0

  Necrosis 28.94 ± 1.38 58.46 ± 1.15 102.0

NOTE: All spontaneous and NNK-induced mean levels were significantly different between cases and controls at the 0.01% level.
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Table 3

Distributions and risk estimates of lung cancer for spontaneous and NNK-induced micronuclei (mononucleated)

Case patients,
n (%)

Control subjects,
n (%)

Odds ratio
(95% CI)*

MN as a dichotomy
Pearson’s χ2 test

 Spontaneous

  0-2 81 (58.3) 112 (86.2) 1.0

  ≥3 58 (41.7) 18 (13.8) 3.96 (1.98-7.92)

  PPV 76.3

 NNK induced

  0-2 4 (2.9) 94 (72.4) 1.0

  ≥3 135 (91.1) 36 (27.7) 75.12 (24.46-230.68)

  PPV 78.9

Micronuclei as continuous variable (multivariate logistic
 regression analysis)

Spontaneous 2.10 (1.59-2.76)

NNK-induced 5.43 (3.46-8.52)

Abbreviation: PPV, Positive predictive value.

*
Adjusted by age, sex, history of alcohol use, number of years smoked, and number of cigarettes smoked per day.
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Table 4

Area under the curve, PPV, and NPV for each FPC

FPC Area under the curve (95% CI) PPV NPV

Spontaneous

 MN-BN, NPB-BN, Bud-BN 95.5 (91.7-99.3) 96.1 89.7

 MN-BN, NPB-BN, Bud-BN + MN-Mono 95.9 (92.1-99.6) 96.1 89.7

NNK induced

 MN-BN, NPB-BN, Bud-BN 97.9 (95.9-99.0) 94.8 92.6

 MN-BN, NPB-BN, Bud-BN + MN-Mono 99.1 (97.9-100.0) 98.7 95.6

Spontaneous and NNK induced

 MN-BN, NPB-BN, Bud-BN 95.8 (92.1-99.6) 92.6 89.6

 MN-BN, NPB-BN, Bud-BN + MN-Mono 93.5 (89.2-97.9) 92.2 93.5

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2010 April 14.


