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Few studies have assessed mutagen sensitivity and lung cancer
(LC) risk associations in the context of multiple epidemiological
risk factors. We evaluated mutagen sensitivity as a susceptibility
marker and explored the interplay of the genetic marker and mul-
tiple epidemiologic risk factors in modulating LC risk. This larg-
est case—control study included 977 newly diagnosed LC patients
and 977 controls, matched by age, gender, ethnicity and smoking
status. Cases exhibited significantly higher mutagen sensitivity
than controls in bleomycin (0.76 vs. 0.62 breaks/cell, p < 0.001)
and benzo[a]pyrene diol epoxide (BDPE) assays (0.70 vs. 0.61
breaks/cell, p < 0.001). Mutagen sensitivity also exhibited dose-
response relationship with LC risk in quartile analysis (p for trend
<0.001). In smokers, history of emphysema, absence of hay fever
history, LC in first-degree relatives, belomycin sensitivity, and
high pack-year were identified to be the top 5 significant risk fac-
tors in a stepwise logistic regression model (odds ratios (ORs) of
2.69, 191, 1.84, 1.73 and 1.67, respectively). Analyses of joint
effects of risk factors showed that compared to the reference
group, subjects with no exposure to any of the aforementioned
risk factors, the ORs for exposure to 1, 2, 3, 4, 5 or more of the
risk factors were 1.56, 2.39, 3.75, 6.74 and 17.39, respectively (p
for trend <0.001). This study strongly supports mutagen sensitiv-
ity as a predisposition factor for LC and demonstrates the impor-
tance of assessing multiple risk factors to comprehensively assess
LC risk. This new integrative approach should facilitate identifica-
tion of high-risk subgroups and has important implications in LC
prevention.
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Lung cancer (LC) is the leading cause of cancer-related death in
the United States,' although it is estimated that >80% of LC can
be attributed to cigarette smoking,? a variety of other exposures
also contribute to LC risk, including occupational exposure to
asbestos, dusts (wood dust, metal, concrete, fiberglass, etc.), poly-
cyclic hydrocarbons, inorganic arsenic, diesel, exhaust, fumes.?
Previous studies have also suggested a link between family history
of LC and the risk of smoking-related cancer and LC among first-
degree relatives.*® Chronic respiratory diseases such as emphy-
sema, hay fever, pneumonia, asthma and bronchitis have all been
implicated in modifying LC risk.”~® In never smokers, exposure to
environmental tobacco smoke, or second-hand smoke, has been
shown to confer increased risk of LC.'%!!

The fact that only a small fraction of smokers develops LC sug:
gests that host susceptibility may be involved in LC risk.'>™"
Host susceptibility, such as interindividual variation in DNA
repair capacity to environmental carcinogens found in tobacco
smoke, may predispose susceptible individuals to increased risk of
LC. Hsu et al.'® developed a mutagen sensitivity assay that quanti-
fies the frequency of chromatid breaks induced by mutagens in
cultured lymphocytes in vitro as an integrated biomarker of muta-
gen sensitivity and an indirect measure of DNA repair capacity.
Hsu ez al.">'® hypothesized that there may be a spectrum of muta-
gen sensitivity within the general population. Patients with chro-
mosome breakage syndromes, such as ataxia telangiectasia and
xeroderma pigmentosum are located at the extreme end of the
spectrum. These patients exhibit high rates of spontaneous chro-
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mosome breaks, increased susceptibility to induction of breaks by
mutagens and increased cancer risk. Thus, the mutagen sensitivity
assay identifies host DNA repair capacity and genomic stability.
The mutagen sensitivity phenotype has been shown to increase
risks of upper aerodigestive tract cancer,'”'® head and neck can-
cer,'*! oral premalignant lesions>* and LC.'?7'%23-24

To date, there have been few studies that have comprehensively
evaluated the association between LC risk in the context of multi-
ple risk factors, including markers of genetic susceptibility and a
panel of epidemiological risk factors. The interplay between
genetic susceptibility and potential epidemiological covariates in
predicting LC risk has not yet been addressed. Understanding how
these components contribute to LC risk should effectively facili-
tate identification of high-risk subgroups, and therefore has impor-
tant implications in LC prevention.

In this large case—control study of LC, we aimed to corroborate
previous pilot data linking mutagen sensitivity and LC risk and
further explored the interplay between mutagen sensitivity and a
range of established and putative epidemiological risk factors in
modulating LC risk.

Material and methods
Study population and epidemiologic data

The recruitment of cases and controls has been described previ-
ously.® Briefly, LC patients were recruited at The University of
Texas M.D. Anderson Cancer Center. They were all newly diag-
nosed and histologically confirmed LC enrolled before initiation
of chemo- or radiation-therapy. The control subjects without a
prior history of cancer (except nonmelanoma skin cancer) were
recruited for participation from the Kelsey-Seybold clinics, the
largest private multispecialty physician group in the Houston met-
ropolitan area. The clinics consist of more than 23 clinic locations
and over 300 physicians. The potential controls were identified by
reviewing short survey forms distributed to patients visiting the
Kelsey-Seybold clinics. The majority of control subjects are
healthy individuals coming to the clinics for annual health check-
ups.? There were no age, gender, ethnicity or stage restrictions on
recruitment. Control subjects were frequency matched to the cases
by age (*5 years), gender, ethnicity and smoking status (never,
former and current). The study design to recruit cases and controls
has been proven to be valid and efficient for large-scale molecular
epidemiological studies for cancer.”> The response rates for both
cases and controls have been 75%.° All study participants signed a
written informed consent detailing the research methods. Trained
M.D. Anderson staff interviewers administered an epidemiologic
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questionnaire to study participants. Data collected included demo-
graphic characteristics, tobacco use history, occupation, exposure
to a list of predefined exposures at work or from hobbies, prior
medical history, and any family history of cancer (cancer in first-
degree relatives). Collection of medical history has been previ-
ously described.” Briefly, participants were asked whether they
had ever been diagnosed by a physician with emphysema, hay
fever, asthma, bronchitis and/or pneumonia. Methods applied to
assess occupational exposure have also been described previ-
ously.'"**% An individual who had never smoked or had smoked
less than 100 cigarettes in his or her lifetime was defined as a
never smoker. An individual who had smoked at least 100 ciga-
rettes in his or her lifetime but had quit more than 12 months
before LC diagnosis (for cases) or before the interview (for con-
trols) were coded as a former smoker. Current smokers were those
who were currently smoking or had quit less than 12 months
before diagnosis (for cases) or before the interview (for controls).
Exposure to environment smoke, or second-hand smoke, was
defined as having been exposed to someone else’s cigarette smoke
at home or at work on a regular basis, i.e. daily or weekly expo-
sure.'! Following the interview, a 40-mL blood sample was drawn
into coded heparinized tubes for laboratory analyses. The research
has been approved by the Institutional Review Boards (IRB) of
the M.D. Anderson Cancer Center and Kelsey Seybold Clinics.

Mutagen sensitivity assay

As previously described,* 2 parallel blood cultures were set up
when the blood was received. For the BPDE assay, on the 3rd day
of incubation, the cultures were treated with 2 pM BPDE for 24
hr. For the bleomycin assay, on the 4th day of incubation, the cul-
tures were treated with 0.03 U/mL bleomycin for 5 hr. To arrest
the cells at metaphase, 0.2 pg/mL Colcemid was added to the cul-
ture 1 hr before harvest. Cells were then fixed and dropped onto
clean microscopic slides, air-dried and stained with 4% giemsa so-
lution. The number of breaks in 50 metaphases per sample were
counted and expressed as the average number of breaks/cell.”’
Only frank chromatid breaks or exchanges were recorded; chro-
matid gaps or attenuated regions were disregarded. Each simple
chromatid break was scored as 1 break. All measurements and
counts were done blind with respect to case—control status.

Statistical analysis

Distributions in demographic variables (including gender, eth-
nicity and smoking status) between cases and controls were eval-
uated by the ¢~ test. Differences between cases and controls in age
and self-reported pack years were tested using the Student’s r-test.
When the data distribution significantly deviated from normal, the
Wilcoxon rank sum test was performed. Odds ratios (ORs) and
95% confidence intervals (CI) were calculated as estimates of rela-
tive risk. To calculate the ORs associated with mutagen sensitiv-
ity, the median number of breaks per cell (b/c) among the controls
was used as the cutoff value. Breaks per cell values greater than
this cutoff point were considered as the mutagen sensitive pheno-
type. To assess the dose-response relationships, we divided the b/c
values among the controls in quartiles. Because data on mutagen
sensitivity were not available for all 977 pairs of study subjects,
unconditional logistic regression was used to assess the risk. We
also performed conditional logistic regression with paired sub-
jects. Because the results from conditional logistic regression and
unconditional logistic regression were comparable, we only pres-
ent results from the unconditional logistic regression in which a
full set of mutagen sensitivity data was used. Possible confound-
ing effects were controlled in a multivariate model. Because mod-
els adjusting for multiple confounding effects did not yield appre-
ciable change in ORs (less than 10%), results of main effects of
mutagen sensitivity were only adjusted by age, gender, ethnicity
and smoking status. A trend test was performed to test for a linear
trend in the ORs.
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To assess LC risk in the context of multiple risk factors, we
applied stepwise logistic regression to select important predictors
among a panel of potential risk factors. In addition to logistic
regression, we applied the recursive partitioning technique® to
further discriminate low- and high-risk subgroups. The recursive
partitioning method used for this analysis was derived from the
methodology of Classification and Regression Tree (CART).?*°
A tree-based model is created by recursively partitioning the data
and identifies effect modifications between variables that are less
visible by traditional logistic regression. The classification tree
divides the study sample into a number of homogeneous sub-
groups based on risk factors. Complete homogeneity of terminal
nodes in tree modeling is ideal, meaning the split by certain varia-
bles creates terminal nodes containing only cases or controls.
Thus, the numerical objective of partitioning is to make the con-
tents of the terminal nodes as homogeneous as possible.

Multifactor dimensionality reduction (MDR)***? was carried
out to assess interactions among multiple risk factors. In MDR, a
set of N factors was selected and the N selected factors and their
possible multifactor classes are represented in N dimensional
space. The ratio for the number of cases to the number of controls
was calculated within each multifactor class. Each multifactor
class in N dimensional space was then labeled as ‘‘high risk’” or
as “‘low risk’’ based on whether the case to control ratio has
exceeded a threshold of 1.0. Thus, a new variable incorporating in-
formation from several risk factors is defined and crossvalidation
and permutation tests were used to assess the capability of this
new variable to predict outcome risk. The crossvalidation consis-
tency is defined as the percentage of the same combination of risk
factors selected as the best model among crossvalidation data sets.
The average testing accuracy is calculated as an average of the
prediction accuracies across each of the crossvalidation subsets. In
this study, we used 100-fold crossvalidation and 10,000-fold per-
mutation testing. All statistical tests were at the significance level
of 0.05.

Results
Mutagen sensitivity as a risk factor for LC

The demographic characteristics of the cases and controls are
summarized in Table I. The study included 977 LC cases and 977
controls matched to cases by age (£5 years), gender, ethnicity and
smoking status. By study design, gender, ethnicity and smoking
status were perfectly matched (p = 1.00 for all) and the mean ages
of the cases and controls were 62.0 and 61.2 years, respectively
(p = 0.08). In smokers, the self-reported median pack years were
significantly higher in the cases than in the controls (45 for cases
and 36 for controls, p < 0.001). Cases also self-reported to start
smoking at an earlier age than controls (median age: 17 vs. 18,
p = 0.002), to smoke a longer duration (median duration of smok-
ing: 36 vs. 32, p < 0.001), to smoke more cigarettes per day (me-
dian cigarettes per day: 24 vs. 20, p < 0.001) and to stop smoking
for a shorter period than the controls (median years of quitting: 11
vs. 14, p < 0.001) (Table I). There were also significant case—con-
trol differences in a panel of epidemiological factors, including
family history of any cancer (cancer in first-degree relatives), fam-
ily history of LC (LC in first-degree relatives), prior history of em-
physema and hay fever, previous exposure to asbestos and wood
dust (all p < 0.01) (Table I). The mean number of bleomycin-
induced breaks per cell was significantly higher in cases than in
controls (0.76 vs. 0.62, p < 0.001). Likewise, the mean number of
BPDE-induced breaks per cell was significantly higher in cases as
compared to the controls (0.70 vs. 0.61, p = 0.003) (Table I). His-
tology types of LC are listed in Table I. Adenocarcinoma com-
prised 47.6% of all the cases, followed by squamous cell carci-
noma (24.1%).

In controls, there was an increasing trend in bleomycin sensitiv-
ity with age (p for trend = 0.002) (Table II). This was also evident
in the cases, but the trend was not significant. Control current
smokers exhibited significantly lower numbers of bleomycin-
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TABLE I - SELECTED HOST CHARACTERISTICS BY CASE-CONTROL STATUS

Variables Cases (N = 977) Controls (N = 977) p-value
Age, mean (SD) 62.0 (9.8) 61.2 (9.6) 0.08'
Sex, n (%)
Male 524 (53.6) 524 (53.6) 1.00%
Female 453 (46.4) 453 (46.4)
Ethnicity
Caucasians 803 (82.2) 803 (82.2) 1.00?
African Americans 111 (11.4) 111 (11.4)
Hispanics 63 (6.5) 63 (6.5)
Smoking status, N (%)
Never 139 (14.2) 139 (14.2)
Former 496 (50.8) 496 (50.8) 1.00°
Current 342 (35.0) 342 (35.0)
Pack-year, median (range) 45 (0.26-256) 36 (0-189) <0.001*
Age at start, median (range)’ 17 (5-58) 18 (6-54) 0.002*
Smoking duration, median (range)3 36 (2-68) 32 (1-67) <0.001*
Years of cessation, median (range) 11 (1-54) 14 (1-53) <0.001*
Cigaretters/day, median (range)" 24 (1-80) 20 (0-80) <0.001*
Family history of cancer, N (%)
Yes 665 (68.4) 603 (61.8) 0.002°
No 308 (31.7) 373 (38.2)
Family history of lung cancer, N (%)
Yes 199 (20.5) 129 (13.2) <0.001>
No 774 (79.6) 847 (86.8)
Emphysema
Yes 162 (17.0) 63 (6.5) <0.001>
No 790 (83.0) 914 (93.6)
Hay fever
Yes 140 (14.9) 227 (23.3) <0.0017
No 803 (85.2) 749 (76.7)
Asbestos exposure
Yes 364 (38.9) 290 (29.9) <0.001>
No 571 (61.1) 680 (70.1)
Wood dust exposure
Yes 122 (13.2) 78 (8.2) <0.001?
No 801 (86.8) 875 (91.8)
Mutagen sensitivity, mean (SD), N
Bleomycin (b/c) 0.76 (0.41), 933 0.62 (0.33), 960 <0.001"
BPDE (b/c) 0.70 (0.35), 434 0.61 (0.37), 509 0.0003'
Histology
Adenocarcinoma 459 (47.6)
Squamous 232 (24.1)
Large cell 46 (4.8)
Small cell 52 (5.4)
Non-small cell 115 (11.9)
Other 60 (6.2)

'Student’s t-test.—y” test.—>Ever smokers only.—*Wilcoxon rank sum test.—’Former smokers only.

induced mean breaks per cell than did never or former smokers
(0.55 vs. 0.64, p = 0.03; 0.55 vs. 0.66, p < 0.001) (Table II).
There was no such trend among the cases. Smoking variables,
including pack year of smoking, age at starting, duration of smok-
ing, years of quitting, and numbers of cigarettes per day, did not
significantly modify bleomycin sensitivity profiles (Table II).
Interestingly, controls reporting a history of emphysema showed
higher sensitivity than those who had no emphysema history (0.72
vs. 0.61, p = 0.02). Cases reporting a history of hay fever exhib-
ited lower sensitivity than cases without a hay fever history (0.65
vs. 0.72, p = 0.003) (Table II).

Mean BPDE-induced breaks were highest in never smokers and
lowest in current smokers for both cases and controls, although
the differences were significant only in the controls (0.54 vs. 0.82,
p < 0.001) (Table II). Compared to never smokers, control heavy
smokers (pack year > 36) showed significantly lower mean num-
ber of BPDE-induced breaks per cell (0.62 vs. 0.82, p = 0.005).
Control light smokers (pack year < 36) also showed significantly
lower mean breaks per cell than never smokers (0.58 vs. 0.82, p <
0.001).

Other smoking variables showed the same trend as pack year in
modifying BPDE sensitivity profiles, but the effects were not sig-
nificant (Table II). Moreover, controls, but not cases with a posi-

tive family history of LC, showed higher number of breaks than
those who had no family history (0.74 vs. 0.59, p = 0.003). Histol-
ogy and tumor stage did not influence mutagen sensitivity in the
cases (data not shown).

To estimate LC risk associated with mutagen sensitivity, we
dichotomized the mean number of breaks per cell based on the
median value in controls. We observed a 1.63-fold increased risk
(95% CI: 1.36-1.97) for those showing bleomycin sensitivity and
a 1.85-fold increased risk (95% CI: 1.42-2.42) for those with
BPDE sensitivity (Table III). In quartile analysis, using the lowest
quartile (subjects showing the least sensitivity to bleomycin chal-
lenge) as the reference group, the ORs for the 2nd, 3rd and 4th
quartiles were 1.28 (95% CI: 0.97-1.70), 1.35 (95% CI: 1.04—
1.77), and 2.39 (95% CI: 1.84-3.09), respectively (p for trend
<0.001) (Table III). Similar trends were observed for BPDE sensi-
tivity and LC risk (Table III) when using the first quartile as the
reference group (2nd quartile: OR = 1.89, 95% CI: 1.24-2.87; 3rd
quartile: OR = 2.58, 95% CI: 1.72-3.88; 4th quartile: OR = 2.81,
95% CI: 1.87-4.22; p for trend <0.001) (Table III).

We next assessed the joint effect of mutagen sensitivity (bleo-
mycin sensitivity) with other epidemiological risk factors (Table
IV). In this and subsequent analyses, we used bleomycin sensitiv-
ity as the mutagen sensitivity variable since BPDE data were only
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TABLE II - MUTAGEN SENSITIVITY BY HOST CHARACTERISTICS IN CASES AND CONTROLS

Case

Control

N Mean (SD) p-value N Mean (SD) p-value
Bleomycin
Overall 933 0.76 (0.41) 960 0.62 (0.33)
Sex
Male 507 0.77 (0.40) 516 0.63 (0.35)
Female 426 0.74 (0.42) 0.45 444 0.61 (0.31) 0.22
Age
<50 108 0.68 (0.36) 115 0.53 (0.30)
50-60 246 0.75 (0.45) 261 0.59 (0.33)
61-70 360 0.77 (0.40) 397 0.65 (0.34)
71-80 199 0.77 (0.40) 164 0.66 (0.32)
>80 20 0.83 (0.47) 0.23 23 0.68 (0.22) 0.002
Smoking status
Never 133 0.73 (0.38) Ref. 137 0.64 (0.30) Ref.
Former 476 0.77 (0.41) 0.65 Ref. 490 0.66 (0.36) 0.73 Ref.
Current 324 0.74 (0.42) 0.99 0.61 333 0.55 (0.29) 0.03 <0.001
Pack-year'
Never 133 0.73 (0.38) Ref. 137 0.64 (0.30) Ref.
<36 571 0.77 (0.42) 0.77 Ref. 624 0.62 (0.34) 0.93 Ref.
>36 229 0.75 (0.41) 0.98 0.92 199 0.62 (0.32) 0.97 1.00
Age at start'
> 18 369 0.76 (0.43) 426 0.62 (0.33)
<18 431 0.76 (0.41) 0.84 397 0.62 (0.35) 0.94
Smoking duration’
<32 297 0.76 (0.41) 392 0.63 (0.35)
>32 503 0.76 (0.42) 0.80 431 0.61 (0.32) 0.58
Cigarettes/day’
<20 140 0.74 (0.40) 221 0.62 (0.32)
>20 660 0.76 (0.42) 0.50 602 0.62 (0.34) 0.99
Years of cessation®
<14 270 0.76 (0.43) 235 0.65 (0.34)
>14 206 0.79 (0.38) 0.45 255 0.67 (0.37) 0.47
Family history of cancer
No 295 0.77 (0.41) 369 0.61 (0.32)
Yes 634 0.75 (0.41) 0.46 590 0.63 (0.34) 0.40
Family history of lung cancer
No 740 0.76 (0.40) 830 0.62 (0.33)
Yes 189 0.75 (0.45) 0.95 129 0.63 (0.36) 0.62
Emphysema
No 755 0.76 (0.41) 900 0.61 (0.32)
Yes 155 0.74 (0.41) 0.66 60 0.72 (0.44) 0.02
Hay fever
No 768 0.77 (0.42) 736 0.62 (0.32)
Yes 134 0.65 (0.33) 0.003 223 0.63 (0.35) 0.58
Wood dust exposure
No 768 0.75 (0.41) 859 0.62 (0.33)
Yes 116 0.78 (0.43) 0.55 77 0.60 (0.31) 0.60
Asbestos exposure
No 547 0.74 (0.40) 670 0.61 (0.31)
Yes 347 0.77 (0.40) 0.21 283 0.64 (0.38) 0.39
BPDE
Overall 434 0.70 (0.35) 509 0.61 (0.37)
Sex
Male 228 0.69 (0.35) 275 0.59 (0.34)
Female 206 0.71 (0.35) 0.63 234 0.65 (0.41) 0.06
Age
<50 44 0.64 (0.37) 67 0.73 (0.49)
50-60 115 0.69 (0.33) 149 0.62 (0.40)
61-70 189 0.72 (0.37) 201 0.56 (0.32)
71-80 82 0.68 (0.31) 81 0.61 (0.30)
>80 4 0.70 (0.20) 0.56 11 0.82 (0.36) 0.006
Smoking status
Never 43 0.73 (0.31) Ref. 45 0.82 (0.46) Ref.
Former 222 0.71 (0.35) 0.99 Ref. 271 0.64 (0.40) 0.005 Ref.
Current 169 0.68 (0.35) 0.82 0.77 193 0.54 (0.27) <0.001 0.013
Pack-year
Never 43 0.73 (0.31) Ref. 45 0.82 (0.46) Ref.
<36 280 0.69 (0.34) 0.92 Ref. 337 0.58 (0.35) <0.001 Ref.
>36 111 0.70 (0.37) 0.98 1.00 127 0.62 (0.37) 0.005 0.71
Age at start!
>18 170 0.70 (0.38) 235 0.57 (0.37)
<18 221 0.70 (0.33) 0.97 229 0.62 (0.34) 0.19
Smoking duration’
<32 133 0.69 (0.39) 205 0.61 (0.40)
>32 258 0.70 (0.33) 0.86 259 0.58 (0.32) 0.38
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TABLE II - MUTAGEN SENSITIVITY BY HOST CHARACTERISTICS IN CASES AND CONTROLS (CONTINUED)

Case Control
N Mean (SD) p-value N Mean (SD) p-value

Cigarettes/day’

<20 0.66 (0.32) 95 0.63 (0.37)

>20 325 0.70 (0.36) 0.36 369 0.59 (0.35) 0.32
Years of cessation®

<14 130 0.71 (0.36) 149 0.65 (0.43)

>14 92 0.71 (0.35) 0.90 122 0.61 (0.36) 0.42
Family history of cancer

No 126 0.72 (0.37) 193 0.60 (0.38)

Yes 305 0.69 (0.34) 0.48 315 0.62 (0.37) 0.68
Family history of lung cancer

No 345 0.70 (0.34) 438 0.59 (0.35)

Yes 86 0.68 (0.37) 0.55 70 0.74 (0.45) 0.003
Emphysema

No 340 0.70 (0.35) 471 0.62 (0.38)

Yes 86 0.66 (027) 0.25 38 0.51 (0.29) 0.08
Hay fever

No 365 0.70 (0.33) 401 0.62 (0.38)

Yes 58 0.62 (0.34) 0.07 108 0.58 (0.32) 0.32
Wood dust exposure

No 363 0.68 (0.33) 472 0.62 (0.37)

Yes 55 0.76 (0.37)) 0.09 36 0.56 (0.35) 0.35
Asbestos exposure

No 242 0.70 (0.34) 354 0.64 (0.39)

Yes 173 0.69 (0.33) 0.81 153 0.57 (0.32) 0.06

Age-dichotomized by control median.

Dichotomized by control median (ever smokers only).—*Dichotomized by control median (former smokers only).

available in half of the study participants. Compared to subjects
with none of the risk factors, mutagen sensitive subjects were at
2.88-fold increased risk (95% CI: 1.22-6.84); risk increased to
4.63-fold (95% CI: 1.95, 10.95) for mutagen sensitive subjects
who also reported heavy pack-years (Table IV). Adding history of
emphysema resulted in an OR of 6.51 (95% CI: 1.76, 24.06). The
risk for mutagen sensitive subjects who reported a history of em-
physema, but no hay fever, and heavy pack-years (pack-years >
36) was 11.65 (95% CI: 4.27, 31.75). The highest at-risk group
included subjects who were mutagen sensitive, had a history of
emphysema but not hay fever, were heavy smokers, had a positive
family history and reported exposures to asbestos and wood dust.
There were 17 cases but no controls in this group (Table IV).

LC risk is modified by multiple risk factors

A stepwise backward elimination procedure was performed to iden-
tify significant predictors of LC. Again, in this and subsequent analy-
ses, we used bleomycin sensitivity as a mutagen sensitivity variable as
BPDE data were only available in half of the study participants.

In ever smokers (Table V), the model started with all matching
variables, mutagen sensitivity (i.e. bleomycin sensitivity), history
of emphysema, family history of LC, asbestos exposure, exposure
to wood dust and pack-years smoked (categorized by tertiles:
<26, 26-47, >47). Mutagen sensitivity remained a significant pre-
dictor of LC risk with an OR of 1.73 (95% CI: 1.40-2.15). History
of emphysema (OR: 2.69; 95% CI: 1.92-3.78), family history of
LC (OR: 1.84; 95% CI: 1.39-2.44), higher pack-years smoked
(OR: 1.67; 95% CI: 1.33-2.08), wood dust exposure (OR: 1.52;
95% CI: 1.07-1.73), asbestos exposure (OR: 1.38; 95% CI: 1.09—
1.73), all remained in the model as significant predictors of LC
risk and were all associated with increased LC risk. History of hay
fever remained in the model and was protective against LC with
an OR of 0.52 (95% CI: 0.39-0.70) (the OR for absence of hay
fever was 1.91, 95% CI: 1.43-2.54) (Table V).

In never smokers, the model started with the full set of variables
above except that pack-years was substituted for second-hand
smoke exposure and emphysema was not included as none of the
never smokers had a prior history of emphysema. Only second-

TABLE IIT - MUTAGEN SENSITIVITY AND LUNG CANCER RISK

Cases N (%) Controls N (%) Multivariate OR*
Bleomycin (breaks/cell)
Median
<0.56 333 (35.7) 459 (47.8) 1.00 (ref.)
>0.56 600 (64.3) 501 (52.2) 1.63 (1.36-1.97)
Quartile
<0.38 161 (17.3) 250 (26.0) 1.00 (ref.)
0.38-0.56 172 (18.4) 209 (21.8) 1.28 (0.97-1.70)
0.56-0.78 232 (24.9) 263 (27.4) 1.35 (1.04-1.77)
>0.78 368 (39.4) 238 (24.8) 2.39 (1.84-3.09)
p for trend <0.001
BPDE (breaks/cell)
Median
<0.54 153 (35.3) 256 (50.3) 1.00 (ref.)
>0.54 281 (64.8) 253 (49.7) 1.85 (1.42-2.42)
Quartile
<0.36 52 (12.0) 126 (24.8) 1.00 (ref.)
0.36-0.54 101 (23.3) 130 (25.5) 1.89 (1.24-2.87)
0.54-0.80 137 (31.6) 127 (25.0) 2.58 (1.72-3.88)
>0.80 144 (33.2) 126 (24.8) 2.81(1.87-4.22)
p for trend <0.001

*Adjusted by age, gender, ethnicity and smoking status.

hand smoke exposure remained in the model with an OR of 2.15
(95% CI: 1.024.52) (Table V).

CART analysis resulted in 6 terminal nodes (Fig. 1). Again, we
used bleomycin sensitivity as the mutagen sensitivity variable.
Consistent with stepwise regression analysis, the significant split-
ting variables were history of emphysema, mutagen sensitivity,
LC in first-degree relatives, history of hay fever and pack-years
smoked. As shown in Figure 1, terminal nodes 1, 2 and 4 defined
groups with low risk of LC. Compared to the reference group,
node 1 (ever smokers who had no history of emphysema, who
exhibited no mutagen sensitivity, who had no family history of
LC), the ORs for node 2 (ever smokers who had no history of em-
physema, who exhibited no mutagen sensitivity, who had a family
history of LC and who smoked 36 or less pack years) and node 4
(ever smokers who had no history of emphysema, who were muta-
gen sensitive and who had a prior history of hay fever) were 1.0
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TABLE 1V - JOINT EFFECTS OF MUTAGEN SENSITIVITY WITH SELECTED EPIDEMIOLOGICAL
RISK FACTORS IN LUNG CANCER RISK IN SMOKERS

Risk factors' Cases Controls Multivariate OR*
None 7 (1.44) 26 (5.9) 1.00 (ref.)
MS 158 (32.4) 203 (46.0) 2.88 (1.22-6.84)
MS, PY 239 (49.1) 189 (42.9) 4.63 (1.95-10.95)
MS, ESM, PY 11 (2.3) 6(1.4) 6.51 (1.77-24.06)
MS, ESM, NHF, PY 55 (11.3) 17 (3.9) 11.65 (4.27-31.75)
MS, ESM, NHF, PY, FH, WD, ASBS 17 (3.5) 0(0.0) N/A
p-trend <0.001

*Adjusted by matching variables.
'MS, mutagen sensitivity (bleomycin sensitivity); ESM, emphysema; NHF, no hay fever; PY, pack
year (dichotomized by median in controls, i.e. 36); FH, family history of lung cancer; WD, wood dust ex-
posure; ASBS, asbestos exposure.

TABLE V - MULTIVARIATE RISK ASSESSMENT MODEL USING STEPWISE LOGISTIC REGRESSION

Variables QOdds ratio (95% CI)* p-Value
Ever smokers Emphysema 2.69 (1.92-3.78) <0.001
No hay fever 1.91 (1.43-2.54) <0.001
Family history of lung cancer 1.84 (1.39-2.44) <0.001
Mutagen sensitivity 1.73 (1.40-2.15) <0.001
Pack-year > 47 1.67 (1.33-2.08) <0.001
Wood dust exposure 1.52 (1.07-2.15) 0.02
Asbestos exposure 1.38 (1.09-1.73) 0.006
Never smokers Second-hand smoke 2.15(1.02-4.52) 0.04

*Obtained by stepwise logistic regression starting with matching variables (age, gender and ethnicity)
and all 7 risk factors in the model: mutagen sensitivity, history of emphysema, history of hay fever, fam-
ily history of lung cancer, exposure to wood dust, asbestos, pack-year smoked (categorized by tertiles in
controls: <26, 2647, >47) or second-hand smoke for never smokers.

OR 4.4 (3.2-6.2)
Mode &

Ever Smoker
MN=1,676
b |
Emphysema
T
Mutagen Sensitivity Mutagen Sensitivity
(£08) (=08)
amily Hist Family History ay Fever
o) (Yes) Ves
Ref.
Node 1 OR 0.8 (0.5-1.4)

Mode 4

Pack Year Pack Yea
< 3f (=36)

OR1.0(06-1.7) OR 3.4 (2.1-5.5)
Mode 2 Node 3

(95 % CI: 0.6-1.67) and 0.8 (95% CI: 0.5-1.4), respectively. Ter-
minal nodes 3 (ever smokers who had no history of emphysema,
who exhibited no mutagen sensitivity, who had a family history of
LC and who smoked more than 36 pack-years) and 5 (ever smok-
ers who had no history of emphysema, who were mutagen sensi-
tive and who had no prior history of hay fever) characterized me-
dium risk groups with moderate increased risk with ORs of 3.4

OR3.2(25-4.2)

Mode 5

FIGUure 1 — Recursive partition-
ing of risk factors in ever smokers.

(95 % CI: 2.1-5.5), and 3.2 (95 % CI: 2.5-4.2), respectively. The
highest at-risk group was defined by terminal node 6, ever smok-
ers who had a history of emphysema (OR: 4.4; 95% CI: 3.2-6.2).
The results of the MDR analysis for each risk combination are
presented in Table VI. The model including pack-years of smok-
ing was the best single factor model for predicting LC risk with
average testing accuracy of 0.5728 and cross validation consis-
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TABLE VI — MULTIFACTOR DIMENSIONALITY REDUCTION (MDR) MODEL RESULTS

Number of Average Average Permutation
risk factors Best model* Cl’OSSV?llldathn testing test p-value
consistency accuracy

1 PY 100/100 0.5728 <0.001
2 MS, HF 59.5/100 0.5218 0.653
3 MS, HF, ESM 100/100 0.6071 <0.001
4 MS, ESM, FH, PY 100/100 0.6196 <0.001
5 MS, ESM, FH, PY, HF 100/100 0.6317 <0.001
6 MS, ESM, FH, PY, HF, ASBS 100/100 0.6192 <0.001
7 MS, ESM, FH, PY, HF, ASBS, WD 100/100 0.6144 <0.001

*Variable abbreviations are the same as Table 4.

TABLE VII - JOINT EFFECTS OF RISK FACTORS IN LUNG
CANCER RISK IN EVER SMOKERS

Ng of r_liQk Cases Controls Multivariate OR*
actors
0 7(1.0) 26 (3.3) 1.00 (ref.)
1 67 (9.1) 157 (19.7) 1.56 (0.64-3.78)
2 159 (21.6) 248 (31.2) 2.39 (1.01-5.65)
3 229 (31.1) 240 (30.1) 3.75 (1.59-8.84)
4 167 (22.7) 101 (12.7) 6.74 (2.81-16.21)
>5 108 (14.7) 26 (3.3) 17.39 (6.75-44.80)
p-trend <0.001

*Adjusted by age, gender and ethnicity.

Risk factors include bleomycin sensitivity, asbestos exposure,
wood dust exposure, history of emphysema, no history of hay fever,
family history of lung cancer, pack year.

tency of 100%. Among two-factor models, the combination of mu-
tagen sensitivity and history of hay fever was the best model, but
the cross validation consistency was low (59.5%) and the permuta-
tion test was not significant. When 3 factors were considered, the
combination of mutagen sensitivity, history of hay fever and his-
tory of emphysema was the best model with 100% cross validation
consistency and an average testing accuracy of 0.6071. When risk
factors were considered 4 at a time, the model containing mutagen
sensitivity, emphysema, family history of LC and pack-years was
the best with 100% cross validation consistency and an average
testing accuracy of 0.6196. The average test accuracy further
increased to 0.6217 in a five-factor model including mutagen sen-
sitivity, emphysema history, family history of LC, pack-years and
history of hay fever (cross validation consistency reached 100%).
Considering 6 and 7-factor models did not improve testing accu-
racy. Consistent with the CART analysis above, which showed the
low and high-risk groups as defined by the interaction between 5
risk factors (emphysema history, mutagen sensitivity, family his-
tory of LC, history of hay fever and pack-year), the MDR analysis
identified a model including the same set of 5 variables to be the
best model to predict LC risk.

Finally, we assessed LC risk in the context of the multiple risk
factors identified as significant in multivariate analyses. In ever
smokers, these risk factors were mutagen sensitivity, history of
emphysema, no prior history of hay fever, exposure to wood dust,
asbestos, family history of LC and pack-years smoked. Compared
to the reference group, subjects who had none of these factors, the
ORs in the presence of 1, 2, 3, 4, 5 and more of the risk factors
were 1.56 (95% CI: 0.64-3.78), 2.39 (95% CI: 1.01-5.65), 3.75
(95% CI: 1.59-8.84), 6.74 (95% CI: 2.81-16.21) and 17.39 (95%
CI: 6.75-44.80) (Table VII), respectively. A significant trend in
OR was apparent with increasing number of risk factors (p for
trend <0.001) (Table VII). This analysis was not performed for
never smokers as only exposure to second-hand smoke was identi-
fied to be significant.

Discussion

Our study is the largest to comprehensively evaluate LC risk as
determined by markers of genetic susceptibility and a panel of epi-
demiological risk factors. Our results corroborate previous findings

of mutagen sensitivity as a predisposition factor forLC'37'32324
and also suggest a substantial interplay between mutagen sensitiv-
ity and other established LC risk factors in modulating risk.

Previous studies have prospectively shown that mutagen sensi-
tivity at baseline in head-and-neck cancer is a predictor of the de-
velopment of secondary malignant tumors*® and multiple primary
malignancies.>® We and others have also demonstrated that muta-
gen sensitivity remained a significant predictor of cancer risk after
adjusting for confounding effects of age, sex, smoking habits or
occupational exposure to carcinogens.'! Wu er al?
reported increased risk of developing oral premalignant lesions in
those exhibiting elevated sensitivity to bleomycin and BPDE. In
that study, none of the subjects had a cancer diagnosis. Moreover,
prospective epidemiological analyses showed that chromosomal aber-
ration frequency predicts subsequent cancer risk in healthy sub-
. 35-37 . e . .
jects. Recently, we validated mutagen sensitivity as a valid
genetic marker by showing high heritability of mutagen sensitivity in
a twin study.”™ Our current data showed that in smokers, mutagen sen-
sitivity remained a significant predictor in the risk assessment model
after stepwise selection among a panel of potential risk factors. In
CART analysis, mutagen sensitivity was identified to be a significant
risk factor (i.e. created a significant split) and the interaction between
mutagen sensitivity and other factors defined high vs. low risk sub-
groups. In MDR analysis, the best 2, 3, 4 and 5-factor models all
included mutagen sensitivity. The agreement in results obtained from
different approaches strongly supports the utility of mutagen sensitiv-
ity as a valid biomarker for LC risk.

The mutagen sensitivity assay has been proven to have high
repeatability and reliability. In the study of Cloos et al.*® the
mean interindividual variation (0.35 breaks per cell) exceeded
mean intraindividual variation (0.08 breaks per cell). We previ-
ously performed the assays in duplicated samples (samples from
the same subiects) to assess measurement error in mutagen sensi-
tivity assays.”® The correlations between duplicated samples were
high with the correlation coefficients for bleomycin and BPDE
assays of 0.70 (p < 0.001; N = 25) and 0.75 (p < 0.001; N = 63),
respectively, with an average coefficient of variation for bleomy-
cin and BPDE assays of 19.7% and 16.4%, respectively. In a mul-
ticenter, case—control mutagen sensitivity analysis, Cloos et al.>!
found that there were no differences across institutions in the dis-
tribution of bleomycin sensitivity in patients and controls.

In both bleomycin and BPDE assays, our results suggested that
controls who were current smokers had the lowest chromosome
breaks per cell as compared to never or former smokers. Also,
compared to light smokers, heavy smokers in controls exhibited
the lowest BPDE-induced chromosome breaks per cell. The obser-
vation that current smokers exhibit lower levels of chromosome
breaks may suggest a more proficient DNA repair capacity
because DNA damage caused by tobacco carcinogens may stimu-
late DNA repair.>>™ The observation of increasing bleomYCin
sensitivity with age is consistent with previous investigations, >**
supporting the notion of increased susceptibility to environmental
carcinogens in older people since both immune function and DNA
repair efficiency decrease with age. However, the pattern was not
clear for BPDE sensitivity. A smaller sample size of BPDE data
may be part of the explanation. One interesting observation of this
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study is that history of chronic respiratory diseases also modifies
the mutagen sensitivity profile. Emphysema is a chronic inflam-
matory condition that results in fixed narrowing of small airways
and alveolar wall destruction.*' Inflammatory cells release various
growth factors, promote angiogenesis, activate stoma and generate
free radicals, cellular processes that have been demonstrated to
cause DNA damage. Thus, patients with emphysema, an inflam-
matory disease, may have accumulated more DNA repair errors
than healthy people, and consequently exhibit increased mutagen
sensitivity. It is also interesting to note that subjects with emphy-
sema (all ever smokers) still exhibited higher bleomycin sensitiv-
ity than those without emphysema (all never smokers), suggesting
that the detrimental effects of emphysema or genetic defects
underlying emphysema on host bleomycin sensitivity is probably
substantial such that even control smokers who are proficient in
DNA repair capacity due to stimulation of DNA repair by carcino-
gens still exhibited high mutagen sensitivity in the presence of em-
physema. We also observed low mutagen sensitivity in LC cases
who reported a prior history of hay fever. We speculate that either
the genetic factors underlying hay fever or the anti-inflammatory
agents used to treat hay fever may have protected cells from DNA
damage caused by the inflammatory reaction. Because of the small
sample size of exposed subjects, further investigation is needed to
confirm the findings.

Our data did not support an association between mutagen sensi-
tivity and LC risk in never smokers. The sample size of never
smokers in our study may not be large enough to detect an effect
and further study with a larger sample size of never smokers is
needed to explore the putative association.

This study underscores the importance to incorporate chronic
inflammatory lung diseases to assess LC risk. In the CART analy-
sis (Fig. 1), prior history of emphysema produced the first signifi-
cant split that defined subgroups at contrasting risk of LC. It is
interesting to note that the subgroup with a positive history of em-
physema did not split further, suggesting minimal modulating
effects from other factors in the presence of emphysema. There
has been compelling evidence supporting the hypothesis that
chronic inflammation contributes to cancer development and that
inflammation plays an important role in malignant initiation and
progression. However, the complex mechanism by which inflam-
mation leads to cancer initiation is not yet fully understood and
the specific cellular and molecular pathways that lead to inflam-
matory responses to particular microbes with malignant transfor-
mation vary by target organ and microbe.*? Cellular reactions to
inflammation include releasing of cytokines, chemokines and free
radicals, which contribute to malignant transformation by peroxi-
dating lipids, inducing genetic mutations that may cause direct
DNA damage and inhibition of DNA repair. The impaired DNA
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repair machinery in inflammatory cells may be most susceptible to
carcinogens and consequently cancer development.

In this study, in addition to the traditional logistic regression,
we also applied 2 innovative statistical approaches (CART and
MDR) to identify higher-order interactions. Logistic regression is
a parametric statistical approach to model the relationship between
discrete risk factors and discrete phenotypes (e.g., cancer). How-
ever, because the number of possible interaction terms grows
exponentially as the number of risk factors increases, logistic
regression is limited in its ability to deal with multiple higher-
order interactions. CART and MDR are 2 commonly used non-
parametric statistical methods to better model higher-order inter-
actions. CART uses a binary recursive partitioning method to gen-
erate a tree-structured node with binary splits. All the daughter
nodes are more homogeneous (significantly more cancer cases or
more controls) than the original node (roughly half cases and half
controls), resulting in significantly increased or reduced risks of
LC for each terminal node compared to the original node. MDR
models high order interactions by reducing the degree of freedom
necessary for modeling, i.e., by defining a single variable that
incorporates information from several risk factors that can be di-
vided into high-risk and low-risk combinations. This new variable
can be evaluated for its ability to classify and predict disease sta-
tus using cross validation and permutation testing. In our analysis,
both methods resulted in similar joint effects among these risk fac-
tors and categorized individuals into subgroups with varying
degrees of risk for LC. Compared with single risk factors from
logistic regression analysis, higher-order interactions yielded
higher power of risk prediction.

LC offers an excellent system to comprehensively study the
interplay between genetic predisposition and environmental risk
factors. In this study, we demonstrated that mutagen sensitivity
remains as a significant predisposition factor of LC in the presence
of a panel of epidemiological risk factors. Of particular interest is
the joint effect of mutagen sensitivity and these factors. Specifi-
cally, in CART analysis (Fig. 1), emphysema, mutagen sensitivity,
family history of LC, smoking, and history of hay fever jointly
defined high and low risk subgroups, suggesting a substantial
interplay between mutagen sensitivity and established epidemio-
logical risk factors in modulating LC risk. To date, we know of no
published studies that have included such a broad range of risk
factors in combination with mutagen sensitivity to estimate LC
risk. This study underscores the importance of assessing multiple
factors including relevant genetic markers, history of inflamma-
tion conditions and deleterious exposures to comprehensively
assess LC risk. This new integrative approach also should effec-
tively facilitate identification of high-risk subgroups and therefore
has important implications in LC prevention.
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