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Background: Only a fraction of cigarette smokers develop
lung cancer, suggesting that people differ in their suscepti-
bility to this disease. We investigated whether differences in
DNA repair capacity (DRC) for repairing tobacco carcino-
gen-induced DNA damage are associated with differential
susceptibility to lung cancer. Methods: From August 1, 1995,
through April 30, 1999, we conducted a hospital-based, case–
control study of 316 newly diagnosed lung cancer patients
and 316 cancer-free control subjects matched on age, sex,
and smoking status. DRC was measured in cultured lympho-
cytes with the use of the host-cell reactivation assay with a
reporter gene damaged by a known activated tobacco car-
cinogen, benzo[a]pyrene diol epoxide. Statistical tests were
two-sided. Results: Overall, lower DRC was observed in case
patients than in control subjects (P<.001) and was associated
with a greater than twofold increased risk of lung cancer.
Compared with the highest DRC quartile in the control sub-
jects and after adjustment for age, sex, pack-years of smok-
ing, family history of cancer, and other covariates, reduced
DRC was associated with increased risk of lung cancer in a
dose-dependent fashion (odds ratio [OR] = 1.8 with 95%
confidence interval [CI] = 1.1–3.1, OR = 2.0 with 95% CI =
1.2–3.4, and OR = 4.3 with 95% CI = 2.6–7.2 for the second,
third, and fourth quartiles, respectively; Ptrend<.001). Case
patients who were younger at diagnosis (<60 years old), fe-
male, or lighter smokers or who reported a family history of
cancer exhibited the lowest DRC and the highest lung cancer
risk among their subgroups, suggesting that these subgroups
may be especially susceptible to lung cancer. Conclusion:
The results provide evidence that low DRC is associated with
increased risk of lung cancer. The findings from this hospi-
tal-based, case–control study should be validated in prospec-
tive studies. [J Natl Cancer Inst 2000;92:1764–72]

Differential susceptibility to carcinogenesis is suggested by
the fact that only a fraction of cigarette smokers develop smok-
ing-related lung cancer (1). This variation has been suggested to
be due, in part, to genetically determined variation in carcinogen
metabolism (2) and/or variability in DNA repair capacity (DRC)
(3). Familial aggregation of lung cancer (4) provides indirect
evidence for heritable susceptibility in the etiology of lung can-
cer.

Benzo[a]pyrene [B(a)P], a polycyclic aromatic hydrocarbon
(PAH) compound, is a classic DNA-damaging carcinogen found
in tobacco smoke and in the environment as a result of fuel
combustion (5). B(a)P bioactivation in vivo by cytochrome P450
and epoxide hydrolase generates highly toxic electrophilic and
free-radical reactive intermediates, such as B(a)P diol epoxide
(BPDE). These compounds can irreversibly damage DNA by
forming DNA adducts through covalent binding or oxidation
(6,7).

Evidence from molecular epidemiologic studies (8,9) indi-
cates that smokers have higher PAH–DNA adduct levels than
nonsmokers. The levels of DNA adducts detected in non-
neoplastic surgical lung parenchymal samples (10) and in alveo-
lar macrophages (11) are also higher in smokers than in former
smokers, suggesting that tobacco exposure is a source of B(a)P.
BPDE–DNA adducts can block the transcription of an essential
gene (12) if they are not repaired efficiently by the nucleotide
excision repair (NER) pathway (13). BPDE–DNA adducts are
repaired more efficiently in the transcribed than in the untran-
scribed strand (14,15); thus, mutations occur more frequently in
the untranscribed strand. In addition, BPDE has been found to
bind preferentially to mutational hot spots, resulting in G to T
transversions, in the p53 tumor suppressor gene in cells that are
deficient in NER (16). Therefore, a high frequency of G → T
transversion mutations in the p53 gene in tobacco-related can-
cers, including lung cancer (17,18), strongly suggests an etio-
logic link between exposure to tobacco carcinogens such as
B(a)P, inefficient DRC, and lung cancer risk.

Low DRC in surrogate tissue, such as lymphocytes, has been
linked to elevated risk for skin cancer (19,20). Because the levels
of smoking-induced DNA adducts in lymphocytes and in lung
tissue are associated (21), lymphocytes should be a relevant and
accessible surrogate tissue for estimating DRC in lung tissue.
Using cultured lymphocytes, we previously conducted a pilot
case–control study of 51 lung cancer patients and 56 healthy
control subjects (22) and reported a fivefold increased risk for
lung cancer associated with low DRC. This preliminary finding
encouraged us to conduct a larger molecular epidemiologic
study. In this article, we describe the analysis of DRC data
obtained using the host-cell reactivation (HCR) assay for 316
patients with lung cancer and 316 matched healthy control sub-
jects not included in our previously published pilot study (22).

SUBJECTS AND METHODS

Study Subjects

The case patients were recruited from The University of Texas M. D. Ander-
son Cancer Center, Houston, during the period from August 1, 1995, through
April 30, 1999. All patients with newly diagnosed, histopathologically con-
firmed lung cancer were eligible for the study. Healthy control subjects were
recruited from Kelsey Seybold Clinics, a local managed care organization with
multiple clinics throughout the Houston metropolitan area. The potential control
subjects were first surveyed by a short questionnaire for willingness to partici-
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pate in research studies and to provide preliminary data on matching character-
istics, such as smoking behavior and demographics (23). A computer database of
more than 60 000 potential control subjects was thus constructed and used to
identify eligible control subjects, who were selected to match the case patients by
age (±5 years), sex, ethnicity, and smoking status (never, former, or current
smokers). “Smokers” were defined as those who had smoked more than 100
cigarettes in their lifetimes; they were further divided into “former smokers,”
who had quit smoking more than 1 year previously, and “current smokers.”
Pack-years were calculated from duration and amount of smoking.

Once an eligible case patient was recruited, a control subject with the closest
match on these variables was then identified and contacted. If this control subject
refused or was not able to participate, the next eligible control subject would be
contacted. Because the parent study has not yet been completed and suitably
matched control subjects were not available for all case patients, we relaxed the
matching criteria for smoking status (i.e., ever or never) in this analysis. Each
eligible subject was then scheduled for an interview. After written informed
consent was obtained from the subjects, an interviewer administered a structured
questionnaire to collect detailed information on demographic data and lung
cancer risk factors, such as smoking status and family history of first-degree
relatives with cancer. The exclusion criteria were prior chemotherapy or radio-
therapy (for the case patients) and prior cancer and any recent blood transfusion
(for all subjects). The response rate for participation was 77.4% among case
patients and 73.3% among control subjects, a difference that was not statistically
significant (P � .254). The study protocol was approved by the institutional
review boards of The University of Texas M. D. Anderson Cancer Center and
the Kelsey Seybold Clinics.

Blood Sample Processing and Lymphoblastoid Cell Lines

Each subject donated a 20-mL blood sample that was drawn into a heparinized
VACUTAINER tube (Becton Dickinson, Franklin Lakes, NJ). Within 24 hours,
lymphocytes were isolated by Ficoll gradient centrifugation at approximately
1200g for 35 minutes at room temperature and subsequently frozen in medium
containing 50% fetal bovine serum, 40% RPMI-1640 medium, and 10% dimeth-
yl sulfoxide. The cells were stored in a −80 °C freezer in 1.5-mL aliquots until
they were thawed for the assays. Four Epstein-Barr virus-immortalized human
lymphoblastoid cell lines from the Human Genetic Mutant Cell Repositories
(Camden, NJ) were used as the assay controls: two apparently normal (i.e.,
repair-proficient) cell lines (GM00892B and GM00131A) and two repair-
deficient xeroderma pigmentosum (XP) cell lines (GM02345B: XP-A and
GM02246B: XP-C). These cell lines were used to monitor the assay conditions
before and during the study.

Preparation of Plasmids With BPDE-Induced Adducts

We selected BPDE as the test agent from among many other tobacco carcino-
gens, both to be consistent with previous studies (16,22,24) and because BPDE–
DNA adducts are stable. BPDE (National Cancer Institute #L0137; >98% pure)
was purchased from Midwest Research Institute (Kansas City, MO) as a white
powder and was completely dissolved in tetrahydrofuran (Sigma Chemical Co.,
St. Louis, MO). The plasmid used for these experiments was pCMVcat, which
was a gift from Dr. Lawrence Grossman, The Johns Hopkins University, Balti-
more, MD. pCMVcat contains the bacterial chloramphenicol acetyltransferase
(CAT) gene as a reporter gene and an enhancer–promoter unit of human cyto-
megalovirus (25). Plasmids were treated with BPDE with the use of a modifi-
cation of a previously described method (22,24). Briefly, purified plasmid was
dissolved in Tris-EDTA buffer (pH 7.8) at a concentration of 500 �g/mL.
Aliquots of plasmid solution (1 mL) were placed in microcentrifuge tubes,
dissolved BPDE was added to each tube to a final concentration of 60 �M, and
the mixtures were incubated for 3 hours in a dark room. These treatments were
performed in one batch. After BPDE treatment, plasmids were precipitated three
times with 70% ethanol to remove free BPDE, dissolved in Tris-EDTA buffer at
a final concentration of 50 �g/mL, and stored in aliquots in a −20 °C freezer.
Previous experiments (22,24) have shown that, at a final concentration of 60 �M,
BPDE induces at least one adduct per plasmid and does not cause conformational
changes in the plasmids, as confirmed by 0.8% agarose gel electrophoresis after
treatment. These repurified, BPDE-treated plasmids were used for all HCR
assays reported in this article.

Lymphocyte Transfections With Plasmids

The frozen lymphocyte samples were coded so that laboratory personnel were
blinded to status (i.e., whether they were from case patients or from control

subjects). When enough cell samples had accumulated to perform the repair
assays in batches (about 10–20 samples from approximately equal numbers of
case patients and control subjects), the frozen cell samples were thawed and
processed as described previously (22,24). Briefly, the cells in each cryogenic
vial (1.5 mL) were quickly thawed and mixed (before the last trace of ice had
disappeared) with 8.5 mL of thawing medium (50% fetal bovine serum, 40%
RPMI-1640 medium, and 10% dextrose), which ensured a cellular viability of
more than 80% as tested by 0.4% trypan blue dye (Sigma Chemical Co.) ex-
clusion test (26), and then washed with the thawing medium. The cells were next
stimulated so that they would take up the plasmids (24) and exhibit the NER
activity (27,28) that removes the BPDE-induced DNA adducts. For stimulation,
cells were incubated at 37 °C for 72 hours in RPMI-1640 medium supplemented
with 20% fetal bovine serum and 56.25 �g/mL phytohemagglutinin (Murex
Diagnostics, Norcross, GA). After stimulation, the number of viable, large lym-
phoblasts in the culture for each sample was counted to calculate the blastogenic
rate. The lymphoblasts from each subject were then divided into four aliquots,
each containing approximately 2 × 106 cells, for duplicate transfections with
untreated plasmids (the baseline for comparison) and duplicate transfections with
BPDE-treated plasmids. The transfections were performed by the diethylamino-
ethyl-dextran (Pharmacia Biotech Inc., Piscataway, NJ) method (29).

HCR Assay

The HCR assay measures the activity of the CAT gene, a bacterial drug
resistance gene, in cells that have been transfected with BPDE-treated plasmid
(24). Because a single unrepaired DNA adduct can effectively block CAT tran-
scription (30), any CAT activity will reflect the ability of the transfected cells to
remove BPDE-induced adducts from the plasmids. Therefore, this assay pro-
vides a quantitative measurement of the DRC of the host cells.

CAT activity in transfected cells was measured as described previously (24).
Briefly, the tubes containing the cell culture with transfections were centrifuged
at approximately 800 rpm for 10 minutes at room temperature; the cell pellets
were collected and washed twice with 1.5 mL of Tris-buffered saline (TBS) and
resuspended in 31.5 �L of 0.25 M Tris-TBS in a 1.5-mL tube. The cells were
lysed by three 10-minute cycles of freezing and thawing in a dry ice–ethanol bath
and a 37 °C water bath. Cell extracts were then assayed for CAT expression or
activity. The activity of the repaired CAT gene was measured by a scintillation
counter for the formation of [3H]monoacetylated and [3H]diacetylated chloram-
phenicols through the reaction between chloramphenicol and [3H]acetyl coen-
zyme A catalyzed by CAT protein in the cell extract. DRC is defined as the ratio
of the CAT activity of cells transfected with BPDE-treated plasmids to that of
cells transfected with untreated plasmids—i.e., DRC � (CATBPDE60/CATBPDE0)
× 100%. The CAT activity of cells transfected with undamaged plasmids pro-
vides an experimental internal control because it is derived under the same
experimental conditions as the CATBPDE60 (24) and from the same number of
cells from the same individual. With the use of this assay, the DRC of the normal
control cell lines was approximately 20% (GM00829B) and 15% (BM00131A)
because the measured level of DRC is dependent on the dose of BPDE (60 �M)
used to damage the plasmids (24). At the same BPDE dose, the DRC of the two
XP cell lines was less than 1% (GM02345B: XP-A) and approximately 1%
(GM02246B: XP-C); therefore, this BPDE dose can differentiate cells that are
repair proficient or repair deficient.

Statistical Analysis

The distributions of matching variables, including age, sex, ethnicity (only
Caucasians), smoking status, and pack-years of smoking were first examined for
the adequacy of the matching procedure. DRC was analyzed as a continuous
variable before and after natural logarithmic transformation. Student’s t test was
used to compare the differences in DRC between groups. Whenever the variance
of the groups varied significantly, Student’s t tests with unequal variances were
used for comparisons. Correlation analyses were performed for DRC and se-
lected variables. The blastogenic rate (percentage of lymphocytes that responded
to phytohemagglutinin stimulation), the actual amount of radioactivity of 3H-
labeled acetyl base that was transferred by CAT in cells transfected with un-
treated plasmids (i.e., the baseline CAT expression level, in counts per minute
[cpm]), and cell storage time (in months) were also recorded for comparison
between case patients and control subjects.

For calculation of crude odds ratios (ORs) and confidence intervals (CIs), the
median DRC of control subjects was used as the cutoff value: Values greater
than this median were considered to be high (i.e., efficient) DRC, and values
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below the median were considered to be low (i.e., suboptimal) DRC. The number
of first-degree relatives with cancer was included as both continuous and di-
chotomized (i.e., yes and no) variables. For logistic regression analysis, dummy
variables of the median and quartile DRC were created to calculate the ORs and
95% CIs. Finally, adjusted ORs were calculated by fitting unconditional multi-
variate logistic regression models with adjustment for age, sex, pack-years of
smoking, family history of cancer, blastogenic rate, cell storage time, and base-
line CAT activity. To perform the linear trend test, the quartile dummy variables
were recoded as one continuous variable (1–4 for the lowest to highest quartiles)
and fitted into a logistic regression model with and without adjustment for
covariates. All statistical tests were two-sided and were performed with Statis-
tical Analysis System software (version 6; SAS Institute Inc., Cary, NC).

RESULTS

From August 1, 1995, through April 30, 1999, a total of 381
eligible patients with newly diagnosed and histopathologically
confirmed lung cancer without prior treatment were consecu-
tively recruited at The University of Texas M. D. Anderson Can-
cer Center. These patients had donated blood samples that pro-
vided sufficient numbers of viable lymphocytes for the HCR
assay. Because relatively small numbers of African-American
and Mexican-American patients have been recruited thus far, we
analyzed only the 316 non-Hispanic Caucasians. Their tumor

types included adenocarcinomas (46%), small-cell carcinomas
(10%), squamous cell carcinomas (20%), non-small-cell carci-
nomas (13%), and carcinomas of other histopathologic types
(including large-cell and giant-cell carcinomas) (11%). During
the same time period, 316 healthy non-Hispanic Caucasian sub-
jects who had no history of malignancies were selected from the
available control subject database by the matching criteria.

The distribution of the matching variables between case pa-
tients and control subjects was first examined to determine
whether matching was adequate. As shown in Table 1, case
patients and control subjects were well matched in their distri-
bution into age groups of less than 60 years old, 60–69 years old,
and 70 years old or older (P � .832) and on sex (P � 1.000).
The mean age was 61.3 years (±9.5 years; range, 34–84 years)
for case patients and 61.2 years (±10.6 years; range, 32–86
years) for control subjects (Table 2). Although there were more
current smokers among case patients (46%) than among control
subjects (37%) and more former smokers among control sub-
jects (52%) than among case patients (45%) (Table 1), the dif-
ference in smoking status did not reach statistical significance
(P � .065). Furthermore, the mean pack-years of smoking was
only slightly higher in case patients (53.2 years) than in control

Table 1. Distribution of select characteristics and DNA repair capacity (DRC) between case patients and healthy control subjects

Variable

Case patients (n � 316) Control subjects (n � 316)

P‡ P§No. (%) DRC,* mean ± SD† No. (%) DRC, mean ± SD

Age, y .832
<60 128 (41) 7.6 ± 2.8 123 (39) 9.8 ± 5.0 <.001
60–69 123 (39) 8.2 ± 3.2 122 (39) 9.9 ± 5.0 .002
�70 65 (21) 8.5 ± 3.2 71 (22) 9.7 ± 3.4 <.001

Trend test� P � .050 P � .994

Sex 1.000
Male 170 (54) 8.6 ± 3.0 170 (54) 10.3 ± 5.1 <.001
Female 146 (46) 7.4 ± 3.0 146 (46) 9.3 ± 4.1 <.001

Student’s t test¶ P<.001 P � .058

Smoking status .065
Never 28 (9) 7.1 ± 3.3 33 (10) 9.0 ± 4.2 .059
Former� 141 (45) 8.3 ± 3.0 165 (52) 9.6 ± 4.1 .002
Current 147 (47) 8.0 ± 3.1 118 (37) 10.3 ± 5.4 <.001

Trend test� P � .508 P � .081

Smoked in last 24 h 53 (17) 8.1 ± 3.6 102 (32) 10.1 ± 5.4 .007
Student’s t test** P � .225 P � .287

Pack-years of smoking†† .052
0–19 46 (15) 7.5 ± 3.3 61 (19) 9.8 ± 4.5 .005
20–39 59 (19) 7.9 ± 2.4 78 (25) 9.4 ± 4.7 .016
40–60 98 (31) 7.8 ± 2.9 83 (26) 10.0 ± 5.4 .001
>60 113 (36) 8.6 ± 3.4 94 (30) 10.1 ± 4.1 .005

Trend test� P � .066 P � .550

No. of first-degree relatives with any cancer .025
None 98 (31) 8.3 ± 3.1 127 (40) 9.1 ± 3.8 .094
1 125 (40) 8.0 ± 2.9 120 (38) 10.4 ± 5.4 <.001
>1 93 (29) 8.0 ± 3.4 69 (22) 10.2 ± 4.9 <.001

Trend test� P � .489 P � .044

*DRC was measured as the ratio of reporter gene activity in cells transfected with damaged plasmids to that in cells transfected with undamaged plasmids (×100%).
See the “Subjects and Methods” section for details.

†SD � standard deviation.
‡Two-sided chi-square tests for differences in the distributions of the numbers of each category of the subgroup between case patients and control subjects.
§Two-sided Student’s t tests for the differences in DRC between case patients and control subjects.
�Calculated in the general linear models with the use of natural log-transformed DRC values.
¶P value for comparison between males and females.
�Including some recent quitters. Former smokers were those who quit smoking between 4 and 12 months and recent quitters (50 case patients and eight control

subjects) were those who quit smoking in the last 4 weeks before diagnosis.
**P value for comparison of people who smoked within the last 24 hours only with never smokers.
††Defined as number of packs of cigarettes smoked per day × number of years of smoking.
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subjects (49.2 years), and this difference was not statistically
significant (P � .148) (Table 2), suggesting that the matching
on smoking status was also adequate. More case patients (69%)
than control subjects (60%) reported having a first-degree rela-
tive with any cancer (P � .025) (Table 1). However, these
variables (age, sex, pack-years of smoking, and family history of
cancer) were further adjusted for in the multivariate logistic
regression analyses.

When DRC was analyzed as a continuous variable (Table 2),
the mean DRC was 8.1% in case patients and 9.8% in control
subjects, representing an average 17% lower DRC in case pa-
tients (P<.001). This difference remained statistically significant
after natural log transformation of the data (P<.001; Table 2).
Although non-log-transformed DRCs were somewhat skewed to
high values, the results without transformation were qualita-
tively similar to those with natural log transformation. There-
fore, we used untransformed DRCs in the rest of the analyses.
There was a more than fivefold variation in DRC (range, 3%–
15%) among the 316 control subjects (intervariation), represent-
ing a coefficient of variation of nearly 48% as compared with the
previously reported coefficient of variation of 15% for repeated
assays of healthy volunteers (intravariation) over a 6-week pe-
riod (24). This difference suggests that the main source of the
variation in DRC was individual variation and that the compari-
son using one cross-sectional measurement of DRC was ad-
equate for this study.

Further stratification of DRC revealed that all subgroups of
case patients consistently exhibited significantly lower mean
DRC than did the control subjects (Table 1). Patients who were
younger at lung cancer diagnosis (<60 years old) had the lowest
mean DRC. Compared with men, women had lower mean DRC,
among both case patients (P<.001) and control subjects (P =
.058). Case patients who were nonsmokers exhibited the lowest
mean DRC, although the difference did not reach statistical sig-
nificance (P � .059) because of the small numbers in this stra-
tum. Among control subjects, current and heaviest smokers (>60
pack-years) exhibited the highest DRC compared with former,
lighter (<60 pack-years), and never smokers, but none of the
differences were statistically significant. However, there were
no differences in DRC between former and current smokers in
either case patients or control subjects.

Because there was a nonstatistically significant trend of in-
creasing DRC in both case patients and control subjects with

increasing smoking intensity as measured by pack-years (Table
1), we assessed the effect of smoking on DRC. Among current
smokers, 36% (53 of 147) of case patients and 86% (102 of 118)
of control subjects reported smoking within the 24 hours before
the blood samples were drawn, suggesting that case patients may
have reduced smoking because of illness. However, the mean
DRC of these recent smokers was not different from that of all
current, former, or never smokers (Table 1), suggesting that
recent smoking does not have an immediate impact on DRC.

Self-reported family history of cancer, regardless of the num-
ber of first-degree relatives with any cancer (except for non-
melanoma skin cancer), was associated with lower DRC in case
patients and with higher DRC in control subjects (Table 1), but
there was no statistical evidence of interaction (data not shown).

So that we could further explore the statistically significant
sex difference in DRC, DRC was further stratified by sex and
other select variables (Table 3). There were no age differences
between case patients and control subjects for both sexes, but
there were significantly more heavy smokers (i.e., those who had
smoked �40 pack-years) among male case patients (74%) than
among female case patients (54%) (P<.001) or male control
subjects (62%) (P � .027). Moreover, statistically significantly
more female case patients (72%) than female control subjects
(58%) reported a first-degree relative with any cancer (P �
.015). However, statistically significant differences in DRC be-
tween case patients and control subjects remained in these sub-
groups stratified by sex (Table 3), suggesting that the lower
DRC in female case patients as compared with male case pa-
tients was not due to confounding by age, smoking, or family
history of cancer.

To determine whether the treatment of the cells could have
had different effects on the cells from case patients and those
from control subjects, we evaluated the effects of freezing and
storage by comparing blastogenic rates, cell storage time, and
baseline CAT expression in transfected cells from case patients
and control subjects. The blastogenic rates of cells from case
patients (32.9%) and control subjects (34.2%) were almost iden-
tical (Table 2), suggesting that the effects of freezing and storage
on cellular response to phytohemagglutinin and cell growth were
similar for case patients and control subjects. The average base-
line CAT activity in cells from all subjects that were transfected
with untreated plasmid (approximately 30 000 cpm) was nearly
300 times greater than that of background CAT activity (about

Table 2. Comparison of select variables and DNA repair capacity (DRC) covariates between case patients and control subjects*

Variable

Mean ± SD

P†Case patients (n � 316) Control subjects (n � 316)

Age, y 61.3 ± 9.5 61.2 ± 10.6 .887
Pack-years of smoking 53.2 ± 33.7 49.2 ± 36.3 .148
Blastogenic rate, %‡ 32.9 ± 23.3 34.2 ± 23.5 .469
Cell storage time, mo 8.4 ± 6.5 5.9 ± 4.4 <.001
Baseline CAT activity, cpm§ 31 349 ± 25 449 28 492 ± 20 406 .120
DRC, %� 8.1 ± 3.1 9.8 ± 4.7 <.001
Natural log-transformed DRC, % 2.0 ± 0.4 2.2 ± 0.4 <.001

*SD � standard deviation; CAT � chloramphenicol acetyltransferase; cpm � counts per minute.
†Two-sided Student’s t tests for differences between case patients and control subjects.
‡Percentage of cells that were stimulated by phytohemagglutinin.
§CAT expression from a mock transfection was approximately 100 cpm.
�Measured as the ratio of CAT activity in cells transfected with damaged plasmids to that in cells transfected with undamaged plasmids (×100%). See the “Subjects

and Methods” section for details.
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100 cpm for untransfected cells) (data not shown), suggesting
that the transfections were successful. Cell storage time was
longer for case patients (average, 8.4 months) than for control
subjects (average, 5.9 months) because control subject selection,
of necessity, lagged behind case patient recruitment. However,
when the analysis was restricted to the 161 case patients and 247
control subjects whose samples were stored for fewer than 10
months so that there was no difference in average storage time
between case patients and control subjects, the significant dif-
ferences in DRC between case patients and control subjects
remained (data not shown). This result suggests that the storage
time had no effect on DRC. Case patients had nonstatistically
significantly higher baseline CAT expression levels than did
control subjects, implying that the disease status and longer cell
storage time did not have adverse effects on transfection rate and
cell growth in the case patients. Furthermore, none of the assay
parameters that could have differed between case patients and
control subjects (blastogenic rate, cell storage time, and baseline
CAT expression) was correlated with DRC (r � –.058, P �
.144; r � .045, P � .261; and r � .025, P � .516, respec-
tively). Nevertheless, these variables were also adjusted for in
subsequent multivariate logistic regression analysis.

To assess whether DRC was associated with the histologic
type of the tumor, we further grouped the case patients by his-
tologic type and then compared the DRC of each type with that
of the control subjects. Patients with each histologic type had
statistically significantly lower DRC than did the control sub-
jects (data not shown), except for patients with small-cell car-

cinomas (P � .056), probably because of the small number of
patients in this category (n � 32) (data not shown). There were
no differences in the DRC among case patients by histologic
type (data not shown), a finding that is consistent with DRC
being a constitutional rather than a tumor marker.

The effect of DRC on risk for lung cancer was evaluated by
logistic regression analysis. As shown in Table 4, four models
with different methods of categorizing DRC were tested with the
use of the maximum likelihood method. When the DRC and its
natural log-transformed values were used in the logistic regres-
sion model with adjustment for age, sex, pack-years of smoking,
blastogenic rate, cell storage time, baseline CAT expression, and
family history of cancer, the crude and adjusted ORs (per DRC
unit decrease) for both untransformed and natural log-
transformed DRC values were statistically significantly elevated
(OR � 1.1 [95% CI � 1.1–1.2] and OR � 3.1 [95% CI �
2.0–4.6], respectively; Table 4). When DRC values were di-
chotomized by the median DRC of the control subjects (with
DRC above the median characterized as high and that below the
median as low), the crude OR associated with low DRC was 1.9
(95% CI � 1.4–2.6). After adjustment for age, sex, pack-years
of smoking, blastogenic rate, cell storage time, baseline CAT
expression, and family history of cancer, the OR associated with
low DRC was 2.1 (95% CI � 1.5–3.0) (Table 4).

When the DRC values were further divided by quartile of
DRC in control subjects, it was again evident that decreased
DRC was associated with increased risk. By use of the highest
quartile of the DRC as the reference group, the crude ORs for

Table 3. Comparison of DNA repair capacity (DRC) by sex and select variables between case patients and control subjects

Variable

Case patients Control subjects

P† P‡No. (%) DRC, mean ± SD* No. (%) DRC, mean ± SD*

Male 170 (100) 170 (100)
Age, y 1.000

<60 63 (37) 8.5 ± 2.9 63 (37) 10.7 ± 6.3 .013
�60 107 (63) 8.7 ± 3.2 107 (63) 10.0 ± 4.3 .013

Student’s t test§ P � .642 P � .446
Pack-years of smoking� .027

<40 45 (26) 8.4 ± 3.0 64 (38) 10.6 ± 5.6 .018
�40 125 (74) 8.7 ± 3.1 106 (62) 10.0 ± 4.8 .015

Student’s t test† P � .598 P � .450
No. of first-degree relatives with cancer .308

No 56 (33) 9.0 ± 3.1 65 (38) 9.0 ± 3.5 .997
Yes 114 (67) 8.4 ± 3.0 105 (62) 11.0 ± 5.8 <.001

Student’s t test§ P � .203 P � .015

Female 146 (100) 146 (100)
Age, y .554

<60 65 (45) 6.8 ± 2.5 60 (41) 8.8 ± 3.0 <.001
�60 81 (55) 7.8 ± 3.3 86 (59) 9.6 ± 4.6 .003

Student’s t test§ P � .045 P � .169
Pack-years of smoking� .160

<40 67 (46) 7.2 ± 3.6 79 (54) 8.7 ± 3.1 .002
�40 79 (54) 7.5 ± 2.3 67 (46) 9.9 ± 4.8 <.001

Student’s t test§ P � .623 P � .071
No. of first-degree relatives with cancer .015

No 42 (29) 7.2 ± 2.5 62 (42) 9.0 ± 4.2 .006
Yes 104 (71) 7.4 ± 3.2 84 (58) 9.5 ± 3.9 <.001

Student’t t test§ P � .630 P � .515

*DRC was measured as the ratio of reporter gene activity in cells transfected with damaged plasmids to that in cells transfected with undamaged plasmids (×100%).
See the “Subjects and Methods” section for details. SD � standard deviation.

†Two-sided chi-square tests for differences in the distributions of the numbers of each category of the subgroup between case patients and control subjects.
‡Two-sided Student’s t test for the differences in DRC between case patients and control subjects.
§P value for comparison within case patients or control subjects.
�Defined as number of packs of cigarettes smoked per day × number of years of smoking.
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DRC values lower than values in the 75th, 50th, and 25th quartiles
were 1.8 (95% CI � 1.1–2.9), 1.9 (95% CI � 1.2–3.1), and 3.4
(95% CI � 2.1–5.4), respectively. The ORs after adjustment for
age, sex, pack-years of smoking, blastogenic rate, cell storage
time, baseline CAT expression, and family history of cancer
were nearly identical (OR � 1.8 [95% CI � 1.1–3.1], OR �
2.0 [95% CI � 1.2–3.4], and OR � 4.3 [95% CI � 2.6–7.2],
respectively) to the crude ORs. This trend of increasing risk with
decreasing DRC was statistically significant (P<.001) for both
the crude and adjusted ORs (Table 4).

Finally, the risk of lung cancer associated with low DRC in
subgroups of age, sex, pack-years of smoking, and family his-
tory was further evaluated by comparing the adjusted ORs strati-
fied by DRC quartile as defined by the DRC values of control
subjects. As shown in Fig. 1, with the use of the highest quartile
(DRC >11.5%) as the referent group, those individuals of the
entire 632-subject population who were in the lowest quartile
(DRC <7.0%) had a more than fourfold increased risk of lung
cancer; individuals under 60 years of age had an OR of 4.9 (95%
CI � 2.1–11.6), females had an OR of 7.6 (95% CI � 3.2–
18.0), individuals who had smoked fewer than 40 pack-years
had an OR of 4.8 (95% CI � 2.1–11.0), and individuals who had
a positive family history of cancer had an OR of 6.3 (95% CI �
3.2–12.1). These findings are consistent with the notion that a
fraction of lung cancer patients are especially susceptible to
tobacco carcinogen-induced DNA damage due to suboptimal
DNA repair.

DISCUSSION

In this large molecular epidemiologic study of DRC in lung
cancer, which we believe to be the first of its kind, we demon-
strated that reduced DRC had a statistically significant effect on
risk of lung cancer after controlling for potential confounding
variables (age, sex, pack-years of smoking, and number of first-
degree relatives with cancer) and covariates (blastogenic rate of
lymphocytes, cell storage time, and baseline CAT expression).
Although the DRC assay might be influenced by other, unmea-

sured confounding factors, the relatively large sample size,
matching design, and consistent differences observed in the
DRC of case patients and control subjects in all of the subgroups
analyzed suggest that the results are unlikely to be spurious.
Rather, they strongly support the hypothesis that reduced DRC is
associated with increased risk of lung cancer. The overall 2.1-
fold increased risk (95% CI � 1.5–3.0) is consistent with the
finding of our previous small pilot study (22), which reported a
fivefold increased risk but with a wider 95% CI of 2.1–15.7.
Furthermore, the finding of a dose-dependent association be-
tween decreased DRC and increased risk further strengthens the
biologic plausibility of our hypothesis. The nearly fourfold in-
creased risk of lung cancer among individuals, regardless of
smoking status, whose DRC falls in the lowest quartile is con-
sistent with the notion that a fraction of the population is pre-
disposed to lung cancer (3,19,31,32). The most susceptible sub-
groups on the basis of their low DRC were case patients who
were young (<60 years old), female, or light smokers or who
reported a family history of cancer.

Several lines of evidence support the hypothesis that innate
DRC is central in controlling multistage carcinogenesis. Because
the spontaneous mutation rate is so low, a mutator phenotype
may be required for multistage carcinogenesis (33). BPDE-
induced adducts are highly mutagenic and form at a higher rate
in the hotspots of the p53 tumor suppressor gene in cells that fail
to remove the damage efficiently (15,16), resulting in the G→T
hotspot mutations in p53 that are commonly seen in smoking-
induced cancers (17,18). Although a direct link between BPDE
exposure, high mutation rate, and low DRC is experimentally
proven (16), population data that support such a link are lacking.
However, our findings of low DRC in lung cancer patients are
consistent with results from recent studies of DNA adducts. A
lower DRC would result in higher levels of tobacco-related
DNA adducts. For example, lung cancer patients were found to
have significantly higher levels of aromatic DNA adducts and
7,8-dihydro-8-oxo-2�-deoxyguanosine, respectively, than con-
trol subjects (34). We have also demonstrated previously that

Table 4. Logistic regression analysis of DNA repair capacity (DRC) in case patients and control subjects*

Variable

Case patients Control subjects

Crude OR (95% CI) Adjusted† OR (95% CI)No. % No. %

DRC (%)‡ 316 100 316 100 1.1 (1.1–1.2) 1.2 (1.1–1.2)
Log-transformed DRC (%)§ 316 100 316 100 3.1 (2.0–4.6) 4.0 (2.6–6.3)
DRC (%; by median)�

�8.8 110 35 158 50 1.0 (referent) 1.0 (referent)
<8.8 206 65 158 50 1.9 (1.4–2.6) 2.1 (1.5–3.0)

DRC (%; by quartiles)¶
>11.5 38 12 76 24 1.0 (referent) 1.0 (referent)
8.8–11.5 72 23 82 26 1.8 (1.1–2.9) 1.8 (1.1–3.1)
7.0–8.7 77 24 81 26 1.9 (1.2–3.1) 2.0 (1.2–3.4)
<7.0 129 41 77 24 3.4 (2.1–5.4) 4.3 (2.6–7.2)

Trend test� P<.001 P<.001

*OR � odds ratio; CI � confidence interval.
†Adjusted in a logistic regression including age (years), sex, baseline chloramphenicol acetyltransferase (CAT) activity, blastogenic rate (%), cell storage time

(months), pack-years of smoking, and family history of first-degree relatives with any cancer.
‡DRC was measured as the ratio of CAT activity in cells transfected with damaged plasmids to that in cells transfected with undamaged plasmids (×100%). See

the “Subjects and Methods” section for details. DRC (%) was fitted in the logistic regression model as a continuous variable.
§Natural log-transformed DRC values were fitted in the logistic regression model as a continuous variable.
�Median of the control subjects’ values.
¶Quartiles of the control subjects’ values.
�Adjusted for the same variables as described above.
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lung cancer patients with a low DRC tended to have a higher
level of BPDE–DNA adducts than individuals (including case
and control subjects) who had a proficient DRC (3).

Our observation that women have significantly lower DRC
than men is consistent with our findings in a previous study, in
which women exhibited lower DRC than men and tended to
have a much higher risk of nonmelanoma skin cancer if they had
exposure to sunlight (20). This finding is also consistent with

recent reports (35,36) that women have a higher lung cancer risk
than men given similar exposure to tar. It has been suggested
that postmenopausal women tend to have decreased DRC, which
can be increased by supplemental estrogen (32), but other in-
vestigators (37) have reported that estrogen suppresses DRC.

There are other lines of evidence for sex differences in cancer
risk. For instance, among lung cancer patients, female patients
had a higher level of DNA adducts than male patients after
adjustment for smoking dose (38). In another study (39), female
smokers with the GSTM1 null genotype, which results in di-
minished glutathione S-transferase (GST) activity, had the great-
est lung cancer risk compared with other groups of females and
males with different GSTM1 genotypes. This finding also sug-
gests that women are at a greater risk of lung cancer than are
men, given equal smoking. The absence of detoxifying GST
activity may result in an excess of internal exposure to tobacco
carcinogens, leading to a higher level of DNA damage or adduct
formation (2). Finally, in our study, the female case patients in
the lowest DRC quartile exhibited the greatest risk of lung can-
cer (more than sevenfold compared with female control sub-
jects), suggesting that factors in addition to DRC may also play
a role in this subgroup. It has been reported that gastrin-releasing
peptide receptor, an X-linked growth factor receptor, contributes
to the excess risk of lung cancer in females (40). Further studies
on the interaction between DRC and these X-linked factors and/
or receptors may help clarify the sex difference in the risk of
developing lung cancer.

We previously reported that increasing age (within the range
of 20–60 years) was associated with decreasing DRC in appar-
ently healthy subjects (20). Although there is still controversy
over whether an age-related decline in DRC exists in the general
population, accumulated evidence supports this hypothesis (41).
Such an age-related decline in the DRC was, however, not evi-
dent in the control population of the study reported here. It
should be noted that only a third of the control subjects were
under age 60 years; thus, it might not have been possible to
identify age-related changes in the relatively older group of sub-
jects in our study. Nevertheless, our data showed consistently
that case patients who were lighter smokers or were younger
than 60 years at lung cancer diagnosis exhibited lower DRC than
their matched control subjects, suggesting that other undetected
confounders may also play a role in this subgroup.

Our results also showed that heavy smokers among both case
patients and control subjects tended to have more proficient
DRC than lighter smokers, suggesting that cigarette smoking
may, in fact, stimulate DRC in response to the DNA damage
caused by tobacco carcinogens. Such an adaptation would be
consistent with a baseline DRC that can be mobilized upon
increased demand for repair (42,43). An inducible enhancement
of DRC may explain why no age-related decline in DRC was
evident in the control subjects—i.e., DRC stayed high because
of continued stimulation by smoking. The finding of an increase
in DRC with smoking is also consistent with our previous find-
ing (44) that, in head and neck cancer patients, DNA repair gene
expression was increased in the heavy smokers among both case
patients and control subjects relative to the lighter smokers. In-
efficient repair response or inability to increase DRC on tobacco
exposure may, therefore, lead to accumulation of genetic dam-
age. Indeed, case patients who were lighter smokers appeared to
exhibit the lowest DRC and had the highest risk of lung cancer,
suggesting that a poor inducible repair response may have con-

Fig. 1. Graphical presentation of odds ratios (ORs) for developing lung cancer
among all 632 participants in the study, according to the DNA repair capacity
(DRC) quartiles defined by the control subjects, stratified by age, sex, smoking,
and family history of cancer. ORs (with the use of the highest DRC quartile as
the reference group) are presented for subgroups by A) age (�60 years old
versus <60 years old), B) sex (male versus female), C) pack-years of smoking
(�40 pack-years versus >40 pack-years), and D) family history of cancer (posi-
tive versus negative). The trend for increased risk associated with decreased
DRC was statistically significant for subgroups based on age (P<.001), sex
(P<.001 for females, and P � .003 for males), pack-years of smoking (P<.001),
and positive family history (P<.001) but not for the subgroup based on negative
family history (P � .092). The most susceptible subgroups (i.e., those in the
lowest DRC quartile who were young at lung cancer diagnosis, were female, had
smoked 40 pack-years or less, or had a positive family history of cancer) had the
greatest increase in lung cancer risk, ranging between fivefold and eightfold.
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tributed to the excess risk. This adaptation of DRC to smoking,
if it exists, appears to be long term rather than transient because
the effect was still present in former smokers but was not stron-
ger in those who had smoked in the 24 hours before the blood
was drawn (Table 1).

Compared with all other subgroups analyzed, case patients
with a family history of cancer exhibited the lowest DRC, which
is consistent with the previously reported low DRC in cancer
patients with a positive family history of cancer (20,45–47). On
the other hand, control subjects with a family history of cancer
tended to have a higher DRC than control subjects without a
family history of cancer. This finding seems paradoxical. How-
ever, we reported a similar finding in our skin cancer study (20).

Although several assays are available for measuring DRC,
the HCR is the assay of choice for population studies (24). One
of the advantages of the HCR assay for measuring DRC is that
the plasmids, rather than the cells, are treated with the activated
carcinogen BPDE. Consequently, the assay measures intrinsic
cellular DRC that can otherwise be compromised by dose-
dependent cytotoxicity (48). Transfection efficiency may influ-
ence the results of the HCR assay. In our study, however, both
cell growth after stimulation and baseline reporter (CAT) gene
expression of undamaged plasmids after transfection were simi-
lar in case patients and control subjects, implying that cells from
case patients and control subjects had similar transfection effi-
ciency. Furthermore, even repair-deficient cells, such as XP
cells, do not have reduced transfection efficiency (49). There-
fore, it is unlikely that the results were influenced by differences
in cell growth, differential response to mitogen stimulation, or
variation in transfection efficiency.

A potential limitation of this study is our use of lymphocytes
as a surrogate tissue, because their DRC may not be proportional
to that of lung epithelial cells. However, we assumed that, if
DRC is genetically determined, then the DRC levels of different
individuals can be compared across the same type of tissue.
Another limitation of this study is that, with a case–control
study, a design that is retrospective in nature, it is not possible to
rule out a confounding effect from disease status of lung cancer
that may result in decreased DNA repair in patients with the
disease. However, our study should provide a scientific basis for
future cohort studies to verify the role of DRC in disease etiol-
ogy.

Although DRC may be genetically determined, as reflected in
a family history of cancer and as seen in XP patients, possible
epigenetic influences on DRC, such as smoking, need to be
further elucidated in future studies. For example, plasma �-caro-
tene may modulate the level of DNA adducts (50), and PAH–
DNA adducts are inversely associated with plasma levels of
retinol, �-carotene, and �-tocopherol (51). These results suggest
that micronutrients may have a protective effect against DNA
damage. Therefore, future studies should focus on the joint ef-
fects of micronutrients and DRC in relation to lung cancer risk.

In conclusion, the findings of this molecular epidemiologic
study support our earlier finding in a small pilot study (22) and
provide compelling evidence that reduced DRC, whether geneti-
cally or epigenetically determined, plays a role in smoking-
related lung cancer. The results suggest that subgroups of pa-
tients who were younger at lung cancer diagnosis, female, or
lighter smokers or who had a family history of cancer were
especially likely to exhibit suboptimal DNA repair. These sus-
ceptible individuals may be identifiable on the basis of their

reduced DRC. Although the DRC assay may be a useful tool for
identifying such susceptible individuals, the assay precision
needs to be improved, and a single marker is unlikely to be
sufficiently predictive of risk. To further refine our risk assess-
ment, we plan to apply a panel of biomarkers for genetic sus-
ceptibility, including other DNA repair phenotypes (22,52,53),
risk genotypes of metabolic enzymes (3), and DNA repair en-
zymes (54).
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