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In an earlier investigation, we did not detect a major genetic component to lung
cancer in families of nonsmoking lung cancer probands. However, heterogeneity
with respect to familial aggregation, based on probands’ age at diagnosis, was evi-
dent. Wereanalyzed our previously collected data of 257 families, stratified by age
at diagnosis of the probands, using complex segregation analysis. We specifically
tested the effects of a Mendelian diallelic gene, history of tobacco use, and history of
selected chronic lung diseases in families with a proband diagnosed at the age of 60
years or older and in families with a younger proband (i.e., under 60 years of age).
Cases were identified from the Metropolitan Detroit Cancer Surveillance System.
Information on lung cancer occurrence, smoking history, and chronic respiratory dis-
eases in first-degree relatives was obtained for 210 older probands and for 47 younger
probands. In older probands’ families, no evidence of a major genetic effect was
detected. Ahistory of emphysema and tobacco-smoke exposure were found to be
significant risk factors. In younger probands’ families, a Mendelian codominant model
with significant modifying effects of smoking and chronic bronchitis best explained
the observed data. Our results suggest the presence of a high-risk gene contributing
to early-onset lung cancer in a population where the probands are nons@ekets.
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INTRODUCTION

Although 89% of lung cancer incidence can be attributed to cigarette smoking
[Shopland, 1996; Schottenfeld, 1996], evidence for genetic predisposition to lung
cancer has been reported in several previous studies among both smokers and non-
smokers [Amos et al., 1992; Lynch et al., 1986; Mack et al., 1990; McDuffie, 1991,
Osann, 1991; Ooi et al., 1986; Schwartz et al., 1996; Shaw et al., 1991; Tokuhata
and Lilienfeld, 1963; Wu et al., 1988]. Based on a Mendelian codominant model
from a study of families of 336 probands who were primarily smokers and died of
lung cancer, Sellers et al. [1990] predicted that a rare autosomal codominant gene is
responsible for one-third of the lung cancer cases under the age of 50 years, one-half
of the cases over 60 years, and one-fifth of the cases over 70 years. In a re-analysis
of the same data, Gauderman et al. [1997] reported an autosomal dominant gene that
confers a 9- to 17-fold increased risk for developing lung cancer.

We investigated the role of genetic factors and the effects of cigarette smoking,
passive smoking, and chronic lung diseases in lung cancer risk among relatives of
nonsmokingprobands [Schwartz et al., 1996; Yang et al., 1997a]. In the case-control
analysis, Schwartz et al. [1996] revealed a bimodal distribution of lung cancer oc-
currence in relatives of the lung cancer probands. First-degree relatives of nonsmok-
ing lung cancer cases age 40-59 years had an over sixfold increased risk of lung
cancer compared to relatives of controls [Schwartz et al., 1996]. No increased risk
was seen in relatives of probands age 60 years or more. Although our previous analysis
did not detect a major genetic effect in our total study population [Yang et al., 1997a],
these age-specific findings led us to investigate the etiologic heterogeneity between
families with a younger age proband (< 60 years) and families with an older age
proband £ 60 years). In this work, we tested the heterogeneity in Mendelian inherit-
ance patterns of the 257 families by the age at diagnosis of the probands and report
the results of two subgroup analyses. We investigated the role of a putative Mende-
lian susceptibility gene in the context of history of tobacco exposure and chronic
pulmonary diseases in families with an older proband and then in families with a
younger proband.

MATERIALS AND METHODS
Case ldentification

Population-based cases were identified from the Metropolitan Detroit Cancer Sur-
veillance System, a patrticipant in the National Cancer Institute’s Surveillance, Epidemi-
ology and End Results program [Ries et al., 1994]. Detailed information on lung cancer
occurrence, smoking behavior (active or passive, cigarettes or other type), and history of
other lung diseases in first-degree relatives was obtained for 257 nonsmoking probands
(71 males, 185 females) with lung cancer diagnosed between ages 40 and 84, November
1, 1984 through June 30, 1987. Eligible cases were newly diagnosed, nonsmoking, Afri-
can-American and Caucasian lung cancer cases who were identified retrospectively after
their participation in the Occupational Cancer Incidence Surveillance Study [lllis et al.,
1987; Schwartz et al., 1996; Swanson et al., 1985].
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Data collection was described in detail previously [Schwartz et al., 1996].
In brief, through telephone interview, information on health and smoking his-
tory, environmental tobacco smoke exposure, family and occupational history
was obtained. Family history included questions about age, gender, race, birth
year, residence, health history, cancer status, vital status (if deceased, age, place,
and cause of death), smoking history, environmental tobacco smoke exposure
history, and usual occupation and industry for each first-degree relative (parents,
full siblings, children) and spouse of the cases. For those relatives with cancer
and for those relatives who had died of cancer, additional questions were asked
pertaining to age and place of the diagnosis of the cancer; age, place, and cause
of death. Questionnaire data for 1,820 family members (1,645 first-degree rela-
tives and 175 spouses) of 210 probands were included in the older case families
and data for 412 family members (377 first-degree relatives and 35 spouses) of
47 probands were included in the yger case group.

Analysis

To evaluate the role in lung cancer susceptibility of a possible Mendelian diallelic
gene, the effects of tobacco exposure, and other chronic lung diseases, we performed
complex segregation analyses using two different approaches: REGD (Segregation
Analysis of a Discrete Trait Under a Class A Regressive Logistic Model, V4.0), and
REGTL (Segregation Analysis of a Truncated TrdR,0, Model |) implemented in
the SAGE program [Statistical Analysis for Genetic Epidemiology (SAGE), 1991].

Heterogeneity Testing

A bimodal age-at-risk distribution was found in the lung cancer probands with
regard to a history of lung cancer in at least one first-degree relative [Schwartz et al.,
1996]. Excess risk of familial lung cancer was only significant among relatives of
nonsmoking probands aged 40-59 years of age (relative risk = 6.1, 95% confidence
interval 1.1-33.4) [Schwartz et al., 1996]. Therefore, we chose to partition the total
257 families into 210 families with probands 60 years of age and older and 47 fami-
lies with probands younger than the age of 60 years. To test whether there was sig-
nificant heterogeneity between these two groups with respect to the segregation results,
a test for heterogeneity, consisting of partitioning the families according to predefined
criteria, that is, the age of diagnosis of the lung cancer probands, was used. The
heterogeneity chi-square test, as described liffiakivs and Anderson [1984] and
Khoury et al. [1993], was performed by comparing the sum of -2InL as determined
for the subsets with the -2InL as determined from the pooled data. The degrees of
freedom for such a test is determined by the difference in the number of estimated
parameters in the pooled data and the sum of the estimated parameters in the two
separate subgrouped data [Beaty, 1997].

Two Alternative Regressive Models: REGD and REGTL

REGD incorporates unobserved “type” effects (e.g., genotypes) into the logistic
regression, i.e.,

0, =log[P(Y; =1)/1-P(Y, =1)] =j3, + ZEkXik [1]
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wheref is the logodds of the probability of individualhaving lung cancer (Y,

B; is the log of the odds ratio attributable to a specific “type”, sudbafa, or

B, in the case of a Mendelian diallelic gene with “type” frequencies determined
by a frequency parameter and theg, arev logs of the odds ratios attributable

to the additional covariates such as tobacco use and previous chronic pulmonary
diseases. Equation [1] implies that the penetrance, which is the probability of
having lung cancer for a given genotype and specified risk factor(s), can be cal-
culated as:

P(Yi = 1B) = exp@)/[1 + exp@))] [2]

To account for the probability of affection in the general population, the probability

of having lung cancer for each individual in a given age stratum and gender (based
on Surveillance, Epidemiology and End Results datayyas included in all models

as a fixed covariate shown in equation [3] [Lustbader et al., 1992]. This method of
age adjustment is free of assumptions regarding the observed age-of-onset distribu-
tion and has been shown to be as robust as the variance component approach by
unified mixed models [Lalouel and Morton, 1981; Lustbader et al., 1992]:

6, =B, +loglp / (1- p)] + Zakxik 3]

Under the assumption of Mendelian inheritance, the transmission probabilities
(Taa Tam Ton), Which are the probabilities of a parent transmitting the high risk allele
to a child, are defined as 1, 0.5, and 0, respectively. To specifically test the hypoth-
esis of Mendelian transmission, two environmental models were included: one as-
sumes homogeneous risk among all family members (no transmissiena); and
the other allows differential risks between founders (individuals without parents or
married into the pedigree) and non-foundars= 14, = Ty,), and can detect an un-
measured etiologic factor (indicated by the parametersd type-specifif;).

REGTL (Model 1) models the putative predisposition as having a type-depen-
dent age-of-onset distribution and a susceptibility parameter (lifetime risk of being
affected) common to all types. Under the dominant model, individuals of aapes
andab, who carry the susceptibility allete have the same age-specific probabilities
of cancer onset. Individuals with genotypb, who do not carry the susceptibility
allele, have relatively smaller age-specific probabilities of lung cancer because of a
shift of the age-of-onset distribution such that they have an older mean age-of-onset.
Under a recessive model, only individuals of tygsehave an earlier mean age-of-
onset, the age-of-onset distribution being the samabi@ndbb individuals. Under
a model with no dominance effects (codominant model), the three types of individu-
als have separate mean ages of onset.

Before we modeled major genetic effects, the following covariates were incor-
porated into the baseline or sporadic model, which is equivalent to an unconditional
multiple logistic regression model [SAS Institute Inc., 1990]: age at diagnosis/inter-
view (as a continuous variable); race (dichotomized as African-American or Cauca-
sian); gender; education (dichotomized as less than high school graduate and high
school graduate or more); personal history at least one year before diagnosis/inter-
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view of allergies, pneumonia, tuberculosis, chronic obstructive pulmonary disease
(COPD includes emphysema and/or chronic bronchitis), and asthma; exposure to
environmental tobacco smoke at home and/or at work; usual occupation and usual
industry. Occupation and industry were coded using 1980 U.S. Census Bureau clas-
sification codes [U.S.Bureau of the Census, 1981] and grouped into 84 occupations
and 90 industries. Odds ratio estimates of relative risk were calculated from the re-
gression coefficients as in conventional logistic models [Schlesselman, 1982]. After
the initial modeling of all potential lung cancer risk factors that were collected in the
interview, only five for older case families and two for younger case families were
retained in the subsequent regressive logistic analysis.

Hypothesis Testing

Both REGD and REGTL models have been enhanced to allow for, in addi-
tion to the transmission of a major gene, multifactorial transmission from one
generation to the next [Bonney, 1986; Elston and George, 1989]. For each model
fitted, the likelihood was maximized over all unknown parameters, including the
regressive coéitients. The likelihood of the data under the above models was
conditioned on the likelihood of the phenotype of the proband (assuming one
proband per family) to allow for the ascertainment of families via probands
[Cannings and Thompson, 1977].

We tested a series of competing models including a sporadic model, Mendelian
models (including dominant, recessive and codominant), and environmental models
(including measured and unmeasured risk factors) against an unrestricted general
model. The natural logarithm (Iggof likelihood (InL) of the unrestricted model, in
which all parameters are adjusted to provide a general model, was calculated and
compared with the hypothesis-bearing models specified above with one or more per-
tinent parameters restricted. To test a hypothesis about a specific mode of inherit-
ance, the likelihood ratio test (LRT) statistic

LRT = =2(InLspeciic — INLgenera) 4l

was used, where “specific” indicates the model for a specified hypothesis. The
sampling distribution of this statistic is well approximated by a chi-square with
n-k degrees of freedom where n and k equal the number of parameters estimated
in the baseline model and the specified model, respectively. In the situation where
the LRT is not informative due to indistinguishable test results among multiple
hypothesis-bearing models, an alternative LRT method is used in determining
the best model. The alternative LRT is to compare thg,dal to the InLyaseiine,
which is the sporadic model without any assumptions regarding mode of inherit-
ance or transmission [Lustbader et al., 1992]. When the general model as in [4]
was not rejected by more than one specific model or was rejected by multiple
specific models by the alternative LRT, the one with the lowest Akaike informa-
tion criteria (AIC), where

AIC = —2[InL + 2K]

was considered the best model [Akaike, 1974].
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RESULTS
Evidence for Heterogeneity

The heterogeneity”® test, shown in Table |, was based on the partitioning of the
257 families into two separate subgroups of families by age-at-diagnosis of the
proband. Under the best fit model for all families combined, i.e., the homogeneous
environmental model with five covariates [Yang et al., 1997a], the pattern of lung
cancer aggregation for the two subgroups differed significantly, which supports het-
erogeneity in etiology [Sellers et al., 1992; Schwartz et al., 188&ults were the
same using either approach of complex segregation analysis, i.e., REGD and REGTL.
The heterogeneityx” test from both approaches indicated a significant difference
between the younger and the older group< (0.02) when fitting the best model
determined for the two groups combined [Yang et al., 1997a; Williams and Ander-
son, 1984; Khoury et al., 1993; Beaty, 1997].

Lung Cancer Risk in Families of Nonsmoking Probands Over Age 60

The occurrence of lung cancer for tobacco-exposed and not exposed (active or
passive) relatives was 4.4 and 1.2% in males; 2.4% and zero in females, respec-
tively. Tables Il and Ill summarize the distribution of tobacco smoke exposures and
personal history of other chronic lung diseases in 1,645 first-degree relatives of the
210 older probands. Compared to the relatives without lung cancer, relatives with
lung cancer had higher frequencies of both active and passive cigarette smoke expo-
sures (Table I1). For other chronic lung diseases, excluding cancer (Table lll), the
male relatives with lung cancer reported a personal history of allergy and the female
relatives with lung cancer reported a personal history of emphysema and tuberculo-
sis significantly more often than non-affected relatives.

Table IV presents the results of complex segregation analysis to evaluate the
role of a Mendelian diallelic gene in the presence of tobacco exposure and chronic
lung diseases. Although passive smoking and tuberculosis were of borderline signifi-
cance in the sporadic model, they were statistically significant in our earlier case-
control analysis [Schwartz et al., 1996] and their effects were much greater (for passive
smoking) or became statistically significant (for tuberculosis) in the genetic and/or
environmental models éble IV). Among the six competing models, the sporadic

TABLE |. Test of Heterogeneity in 257 Families of Nonsmoking Lung Cancer Probands Based on
the Homogeneous Environmental Model With Five Covariatés

REGD REGTL
Family Type -2InL -2InL
All families (n = 257) 270.99 463.21
Probands < 60 years of age (n = 47) 59.89 107.04
Probands 60 years of age (n = 210) 191.81 324.64
x? test of heterogeneity (df) 19.21 (6) 31.5(9)
P value 0.02 0.001

n this model, allele frequency q is set to be the samend®eret,, = T4, = Ty, Five covariates include
smoking, passive smoking, tuberculosis, allergy, and emphysema.

P%* = —2InLey — [(-2InLeeo) + (2INLee0)]. Degrees of freedom (df) for families < 60 years of age, 3
parameters were at boundary for both REGD and REGTL, and they were not included in the calculated df.
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TABLE Il. Distribution of Tobacco Smoke Exposures in Relatives of 210 Nonsmoking Probands

No. (%) of relatives without No. (%) of relatives with
Tobacco lung cancet lung cancer
exposure Male Female All Male Female All
Cigarette smoking
Yes 315 (42.9) 167 (21.4) 482 (31.8) 14 (73.7) 4 (100.0§ 18 (78.3)
No 420 (57.1) 612 (78.6) 1,032 (68.2) 5 (26.3) 0 (0) 5(21.7)
Unk 72 36 108 0 0 0
Passive tobacco exposure at work or at home
Either 442 (69.4) 438 (62.4) 880 (65.7) 15 (93.8) 4 (100.0) 19 (95.0)
Neither 195 (30.6) 264 (37.6) 459 (34.3) 1(6.3) 0 (0) 1(5.0)
Unk 170 113 283 3 0 3
Total 807 815 1,622 19 4 23

@Unk (unknowns) were not included in percentage calculations for each risk factor.
Three relatives with gender unknown were excluded from this table.

°P < 0.01 when compared to the relatives without lung cancer.

9P < 0.005 when compared to the relatives without lung cancer.

°P < 0.05 when compared to the relatives without lung cancer.

model and all three Mendelian genetic models (dominant, recessive, codominant)
were rejected.The two environmental models, one assuming differential risk be-
tween founders and their descendants and the other assuming homogeneous risk across
all individuals in the family, fit the data equally well with almost identical estimates
(models 5 and 6). In the absence of a major susceptibility gene effect, we could still
define three risk categories for lung cancer in our study population (Appendix A): A
high-risk group (0.1%) of the population whose risk of developing lung cancer was
greater than 90% at age 80; a moderate risk group (5.8%) in which the risk varied

TABLE Ill. Distribution of Chronic Lung Diseases in Relatives of 210 Nonsmoking Proband$

No. (%) of relatives without No. (%) of relatives with
Chronic lung cancet lung cancer
diseases Male Female All Male Female All
Allergy
Yes 16 (2.2) 20 (2.7) 36 (2.5) 3(158) 0(0) 3(13.0)
No 699 (97.8) 709 (97.3) 1,408 (97.5) 16 (84.8) 4 (100) 20 (87.0)
Unk 92 86 178 0 0 0
Emphysema
Yes 18 (2.5) 9(1.2) 27 (2.7) 2 (10.5) 1(28.0) 3(13.0)
No 697 (97.5) 724 (98.8) 1,421 (97.3) 17 (89.5) 3(75.0) 20 (87.0)
Unk 92 82 174 0 0 0
Tuberculosis
Yes 12 (1.7) 6 (8.0) 18 (1.2) 1 (5.6) 1(25.0) 2 (10.0)
No 706 (98.3) 727 (99.2) 1,433 (98.8) 17 (94.4) 3 (75.0) 20 (90.0)
Unk 89 82 171 1 0 1
Total 807 815 1,622 19 4 23

aUnk (unknowns) were not included in percentage calculation for each risk factor.
Three relatives with gender unknown were excluded from this table.

°P < 0.05 when compared to the relatives without lung cancer.

9P < 0.01 when compared to the relatives without lung cancer.



TABLE IV. Complex Segregation Analysis of 210 Families With Proband& 60 Years of Age at Diagnosis (REGD Class A, SAGE V271)

Model [0} Tb Oaa Uap Qb BSmoking BETS BTB BAIIergy BEmphysema —=2InL AIC df Chi-square P-value
1 Sporadic 1.00 [NA] -3.72 [-3.72] [3.72] 1.72 1.82 1.89 1.91 0.64 216.66 228.66 6 25.89 0.0002
2 Codominant 0.02 [M] 0.13 -3.00 -6.12 2.07 243 1.93 2.17 1.13 212.43 228.43 4 21.66 0.0002
3 Dominant 0.00 [M] 1.03 [1.03] -6.00 1.83 3.85 1.97 206 0.73  214.84 23084 4 2407  <0.0001
4 Recessive 0.01 [M] 3.29 547 [-5.47] 1.98 3.18 2.02 2.00 0.78 209.36 225.36 4 18.59 0.0010
5 Environmental 0.03 0.03 524 -3.12 -23.00 5.54 3.18 13.38 7.13 4.30 19155 21155 2 0.78 0.6771
(t's equal)
6 Environmental 0.03 [NA] 5.20 -3.14 -23.09 5.56 3.21 1342 7.16 4.31 191.55 20855 0.78 0.8543
(no1)
7 General 0.03 0.005 535 -3.14 -52.92 5.73 3.46 41.76 9.65 5.32 190.77 214.77

0.040

0.030

@Age-specific “liability” parameter, risk adjusted to the general population, is included as a fixed covariate (see e}juatiaterials and Methods).
PTransmission probability includes, Tas, andts.

‘[ ] Fixed parameter value based on specified model.

YBest model according to Akaike’s criteria.

®Used as the baseline model for the likelihood ratio test.

[NA], not applicable in the given model; [M], Mendelian transmission probabilitigs: 1.0,1,,=0.5,1,=0; df, degrees of freedom.
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from 0.2 to 100% at age 80 depending on the individual's tobacco exposure and
history of chronic lung diseases; and a low-risk group (94%). In the moderate-risk
group, the lung cancer risk for nonsmokers at the age of 80 years was 0.7% in males
and 0.2% in females. For nonsmokers who had emphysema, their lung cancer risk
by age 80 was 33% in males and 15% in females; but when exposed to environmen-
tal tobacco smoke, their risk increased to 92 and 81%, respectively.

These results demonstrate that in the first-degree relatives of older lung cancer
probands, controlling both active and passive cigarette-smoke exposure can dramati-
cally decrease the lung cancer risk. For example, male relatives at age 60 years who
have emphysema, which increases lung cancer risk by 53-fold (10.6% vs. 0.2%), can
reduce their lung cancer risk by up to 85-89% simply by avoiding active and passive
smoking during their earlier life.

Evidence for Mendelian Inheritance of Lung Cancer in Families of Younger
Nonsmoking Probands

Ten lung cancer relatives were reported among the 377 first-degree relatives of
younger probands (2.7%). The occurrence of lung cancer for smoking and nonsmok-
ing relatives was 4.3 and 1.0% in males; 3.9 and 2.6% in females, respectively. Table
V presents lung cancer occurrence in different groups of relatives, e.g., 3.3% in sib-
lings and 4.6% in parents of the probands. No lung cancer was reported among the
children of the probands most likely due to their young age (average age of 31 years).
After thoroughly examining risk factors for lung cancer using multiple logistic re-
gression [SAS Institute Inc., 1990] and regressive models [Statistical Analysis for
Genetic Epidemiology (SAGE), 1991], only tobacco smoking and a history of chronic
bronchitis remained statistically significant.

Shown in Bble VI are the results of complex segregation analysis. The LRT
was not informative in that multiple specific or reduced models cannot be rejected;
thus both the alternative LRT and AIC were applied. The final results are consistent
from both REGD and REGTL and we presented detailed model specifications and
tests from REGD in Table VI. A Mendelian codominant model, with significant modi-
fying effects of smoking and chronic bronchitis (model 4), was judged the best model

TABLE V. Lung Cancer Distribution in First-Degree Relatives of Young Age
Nonsmoking Proband$

Relatives with lung cancer

Family Number of Mean age Mean age at
members Sex relatives (in years) Number (%) diagnosis
Probands Male 17 52.9 17 100 52.9
Female 30 53.4 30 100 53.4
Parents Fathers 45 71.5 2 4.4 76.0
Mothers 42 75.0 2 4.8 82.0
Siblings Brothers 84 53.0 3 3.6 55.3
Sisters 66 55.4 2 3.0 55.0
Children Sons 64 32.0 0 — —
Daughters 47 30.1 0 — —

*Twenty-nine individuals were excluded from this table because of missing gender (n = 1) and missing
age or age at diagnosis (n = 28).



TABLE VI. Complex Segregation Analysis of 47 Families With Probands < 60 Years of Age (REGD Class A, SAGE V2.1)

Model h ° Olaa Oap Olpp Bsmoking Beronchiis ~ —2InL AIC df Chi-square P-value
1 Sporadic 1.000 [NA] -0.95 [-0.95] [-0.95] 0.99 3.73 7331 79.31 ¢ — —
2 Recessive 0.030 [M] 4.83 -1.71 [-1.71] 1.25 4.08 68.51 7851 2 4.80 0.09
3 Dominant 0.001 [M] 2.24 [2.24] -2.63 1.71 453 70.79 80.79 2 2.52 0.28
4 Codominant 0.004 + 0.007 [M] 5.01 [-0.70]+1.05 -6.40+259 1.44+1.18 4.05+1.56 67.38 77.38 5.93 0.05
+1.18 +1.56
5 Environmental 0.010 0.02 3.89 3.77 -3.40 2.10 5.63 68.54 8254 4 477 0.31
(t's equal)
6 Environmental 0.020 0.02 3.52 3.52 -4.32 2.29 6.43 68.79 78.79 2 452 0.10
(noT)
7 General 0.010 D 4.67 3.36 -4.22 2.16 6.43 68.37 84.37 5 4.94 0.55
0.06
0.02

@Age-specific “liability” parameter risk adjusted to the general population is included as a fixed covariate (see equiatidlaf@jials and Methods).
Transmission probability includes, Ta, andtyp.

°Fixed parameter value based on specific model.

dUsed as the baseline model for likelihood ratio test.

°Best model according to Akaike’s criteria.

fStandard deviation for the estimated parameter.

9The parameter was estimated at a boundary. The df was calculated without this parameter.

[NA], not applicable in the given model; [M], Mendelian transmission probabilitigs: 1.0,T,, = 0.5,T4, = 0; df, degrees of freedom.
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to explain the observed data. The estimated risk allele frequency was 0.004, and,
therefore, the frequency of the homozygous risk genotype occurred at a rate of 1.6/
100,000 in the study population. Although having this genotype can confer a very
high penetrance of early-onset lung cancer (85% in male and 74% in female at the
age of 60 years), the attributable risk of lung cancer in the population is negligible
(Appendix B). One percent of the study population carried the heterozygous geno-
type ab. Individuals with this genotype were at a relatively low lung cancer risk, i.e.,
7% in males and 4% in females by age 60 if they did not have a history of smoking
or chronic bronchitis. However, their risk increased to the same level of the homozy-
gous individuals if they were smokers with chronic bronchitis. The majority of the
study population (99%) carrying genotype bb was at minimal risk of lung cancer. In
this latter group, the risk of developing lung cancer among smokers with chronic
bronchitis by age 80 years was estimated to be 6% in males and 2% in females.
Figure 1 illustrates the age-specific lung cancer risks for individuals with a heterozy-
gous genotype, with or without chronic bronchitis, in smokers and nonsmokers. For
both females and males, the effect of a history of chronic bronchitis on lung cancer
risk is greater than the effects of being a smoker and these effects are additive.

Figure 2 presents the eight pedigrees with multiple lung cancer cases. In four of
these families, lung cancer occurred in two generations; and in the other four, lung
cancer clustered within sibships. Notably six of the eight pedigrees also had relatives
with malignancies other than lung cancer. There were five colon cancer occurrences
in four families, liver cancer in one, and skin cancer in another family. One proband
(in P1) also had breast cancer and one relative in pedigree (P46) had both lung and
brain cancer. We are in the process of verifying the diagnosis of these cancer sites.

To further identify specific pedigrees that contributed to the final model, we
derived the family-specific InL score from both analytic approaches using equation
[4] (Fig. 3). On both X (REGD) and Y (REGTL) axes, families with InL score at or
near zero did not contribute to the final model; while families with negative or posi-
tive InL provided evidence against or supportive of the final model, respectively.
Obviously, families along or near the diagonal line are consistent in rejecting or
approving a given model using either analytic approach. Among our 47 families,
families P33, P37, P39 contributed the most to the codominant Mendelian model in
both REGD and REGTL. Families P1 and P10 appeared supportive of the model
only in REGTL while family P13 provided evidence against the model in REGD.

DISCUSSION

In lung cancer etiology research, the role of genetic factors and environmental
determinants, especially tobacco smoking, easily obscure each other. Our study, us-
ing 257 population-based families, provided evidence for etiologic heterogeneity in
lung cancer risk in families of nonsmoking probands. We were able to tease apart the
genetic component and other risk factors by studying the disease in a more homoge-
neous group of families, i.e., by stratifying the families according to proband’s age
at diagnosis.The basis for such stratification was suggested by previous studies
[Schwartz et al., 1996; Sellers et al., 1990].

In the families of older aged probands, a major genetic factor did not appear to
play a significant role. The most important environmental factor is, as expected, to-
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Fig. 2. Multiplex lung cancer pedigrees of nonsmoking probands under the age of 60-ygamsband,;
ca., cancer; /, deceased.

bacco smoking. Environmental tobacco exposure and history of other chronic lung
diseases also play an important role in lung cancer risk in the families. Since the 210
families in this older group comprised 82% of our original 257 population-based
families of nonsmoking probands [Schwartz et al., 1996], it is not surprising that our
results are consistent with our earlier report [Yang et al., 1997a], i.e., rejected simple
Mendelian inheritance. However, more complicated inheritance, e.g., multiple low-
penetrant genes and epistatic effects—a form of gene-gene interaction [Bateson,
1907]—cannot be ruled out. Although we have accounted for the possible cohort
difference in tobacco exposure as suggested by Sellers et al. [1992] by stratifying
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families based on proband’s age at diagnosis, there may exist unrecognized risk fac-
tors and remaining heterogeneity in these families.

Of particular interestp;-antitrypsin deficiency ;AD), a common autosomal
recessive condition, has been known to cause severe emphysema in adults [Levois
and Switzer, 1998] which may partially explain the tendency of familial aggregation
of emphysema. Cigarette smoking has a major effect on both the age of onset and
the course of pulmonary deterioration in individuals vatAD [Cox, 1995]. How-
ever, the role of a,AD disorders, either in homozygous form or in heterozygous
form, in relation to lung cancer has not been thoroughly evaluated. Based on our
results, family members of nonsmoking probands can be classified into three risk
categories. Individuals in the moderate-risk group with emphysema and exposure to
environmental tobacco smoke have age-specific lung cancer risks very similar to
those in the high-risk group. CarriersafAD may be represented in this risk group
[Yang et al., 1997D].

The importance of a major Mendelian genetic factor, cigarette smoking, and
history of chronic bronchitis is demonstrated in families of younger aged nonsmok-
ing probands. Our results in several aspects are consistent with the results from an-
other similar study of lung cancer [Sellers et al., 1990, 1992; Gauderman et al., 1997].
The same mode of Mendelian inheritance of a diallelic gene has been detected in our
study as in Sellers et al. even though families in their study were ascertained through
deceased cases who were mostly smokers [Ooi et al., 1986; Sellers et al., 1987]. The
estimated penetrance for high-risk gene carriers (genotype ab) is remarkably similar
between the two studies, as shown in Table VII. The discrepancies in penetrance for
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TABLE VII. Penetrance Estimations for Genotypes ab and bb From the Current Study and the
Study by Sellers et al. [1990]

Cigarette Age in years
Genotype smoking 50 60 70
Genotype ab No Current stuitly ~ 0.003-0.005 0.009-0.018 0.018-0.042
Sellers et al. 0.001 0.006 0.031
Yes Current study 0.013-0.020 0.038-0.072 0.072-0.156
Sellers et af. 0.011-0.052 0.057-0.164 0.171-0.249
Genotype bb No Current study <0.0001 <0.0001 0.0001
Sellers et al. <0.0001 0.0004 0.0024
Yes Current study <0.0001 0.0001-0.0003 0.0003-0.0008
Sellers et al. 0.0008-0.0044 0.0048-0.0251 0.0277-0.1060

#The range between female and male.
The range between “average” and “heavy” smokers.

non-carriers (genotype bb) could be due to our smaller sample size of the young
proband group and, therefore, unstable estimates of the frequencies of smokers. It
might also imply that there is a higher proportion of phenocopies in families with
smoking probands.

For the three major risk factors from our best-fitting model (genetic predisposi-
tion, smoking, and chronic bronchitis), the proportion of all cases due to each factor,
i.e., etiologic fraction, is given in Appendix C. Listed in Appendix C are eight strata
of lung cancer cases representing various combinations of the three risk factors. Be-
cause the homozygous high-risk group (aa) is very rare and less than 0.5% of all
lung cancer cases in the study population fall into this high-risk group, this group is
omitted. Among female cases (Appendix C.l) in the moderate-risk group (genotype
ab), 66% of the patients diagnosed at age 50 in contrast to 43% diagnosed at age 70
could be attributed to the genotype in combination with the other two risk factors.
The decline of the genetically determined cases with increasing age is more striking
in male patients (Appendix C.II). Reciprocal trends are seen for cases in the low risk
group (genotype bb), in both females and males, i.e., the etiologic fraction in to-
bacco smoking and/or chronic bronchitis related cases increases with age.

As pointed out by Sellers [1996], lung cancer should not be considered solely
genetic even though a genetic effect is evident. This is because the gene carriers are
very rare in the population and among these carriers, the risk of developing lung
cancer (penetrance) is so low for non-smokers (< 5% at age 70). The penetrance
increases 4-58 times at age 50 years and 4-8 times at age 70 years for these carriers
if they are smokers. Note that within either genotype ab or bb group, smokers with a
history of chronic bronchitis account for the majority of the lung cancer cases in the
study population. Approximately 60-75% of the cases across all age groups were
smokers with chronic bronchitis, 20-30% were nonsmokers with chronic bronchitis,
and 1-5% were smokers without chronic bronchitis.

A putative diallelic Mendelian gene consistent with codominant inheritance was
suggested in both the current study and the other study [Sellers et al., 1990]. Domi-
nant and recessive inheritance models were rejected. Very likely the high-risk allele
is so rare that there is not sufficient power to detect the key difference between the
“dominant” and “codominant” mode for the given population size, i.e., the presence
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of two distinctive genotypes aa and ab. This observation has been reported in a seg-
regation analysis of primary hepatocellular carcinoma among a native Alaskan popu-
lation [Yang et al., 1990]. Also possible is that the putative lung cancer susceptibility
gene is codominant and the heterozygous individuals are more susceptible than the
wild type only when exposed to lung carcinogens.

Most susceptibility genes identified so far for commonly occurring cancers are
highly penetrant but rare. Only a small proportion of all cases are attributable to
these identified susceptibility genes, that is, they have a small attributable risk to the
disease. Common but less penetrant cancer susceptibility genes are difficult to detect
because they do not confer substantially increased risks in relatives. This might ex-
plain the lack of major genetic effects in our families of older probands. Although by
both REGD and REGTL approaches the environmental models fit better than Men-
delian models in these families, the homogeneous environmental model (no parent-
offspring transmission) was favored by REGD whereas the equal transmission model
(T=Ta=Ty,) Was favored by the REGTL, as discussed in Yang et al. [19974].

In this study, familial aggregation of lung and colon cancer is suggested (Fig.
2). A number of other earlier studies have documented a familial component not
only to lung cancer risk but also to cancer of other anatomic sites [McDuffie, 1991,
Lynch et al., 1986; Wu et al., 1988; Osann, 1991; Shaw et al., 1991; Sellers et al.,
1991; Schwartz et al., 1999]. Despite the fact that these reported colon cancers have
not all had a pathologically confirmed diagnosis, there might be a common pathway
in tumorigenesis between carcinomas of the lung and colon, e.g., DNA repair mecha-
nisms [Weiland et al., 1996; Mizzo et al., 1996; National Cancer Institute Division
of Cancer Prevention and Control., 1988].

Recent studies showed that several genetic polymorphisms in the microsomal
mixed-function oxidases (cytochrome P450s) and in conjugative drug metabolizing
(phase II) enzymes are associated with the risk of lung cancer and other cancers
[Nebert et al., 1991; Jacqz et d1986; Gaedigk et al., 1991; Miller and Miller, 1983;
Lower, 1982]. The P450 enzymes are phase | enzymes, which activate chemical carcino-
gens producing reactive metabolites capable of inducing or promoting carcinogenesis.
Since the balance of phase | and phase Il enzyme activity could underlie most carcino-
gen-related human cancers [Anttila et al., 1995; Nakachi et al., 1991; Seidegard et al.,
1986; Romkes-Sparks et al., 1993; Chern et al., 1994, 1995], Yang et al. [1996] investi-
gated whether clusters of various cancers in lung cancer families are associated with
combined enzyme genotypes in lung cancer probands. They found that not only was the
mut/mutgenotype of th&lAT2locus (indicative of a slow phenotype) associated with an
increased cancer risk in first-degree relatives of lung cancer patients, but also the patients
with combinedGSTul null andNAT2mut/muthad an over 3-fold increased risk of hav-
ing cancer-affected first-degree relatives.

A history of certain chronic nonmalignant lung diseases has been reported as a lung
cancer risk factor in the literature in the past 10 years. Specifically, COPD among pa-
tients with lung cancer has been reported by Cohen et al. [Cohen et al., 1977; Cohen,
1980] and Samet et al. [1986]. These studies [Cohen, 1980; Samet et al., 1986] report a
familial tendency to COPD among patients with lung cancer. The available evidence
suggests that heritable factors may contribute to the familial aggregation of lung cancer
along with other diseases such as COPD. From our current study, an intriguing finding is
that emphysema is a potential risk factor for lung cancer only in families of older aged
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probands while chronic bronchitis is a potential risk factor for lung cancer only in fami-
lies of younger aged probands. History of tuberculosis, asthma, and allergy in relation to
lung cancer risk has been previously summarized [Schottenfeld, 1996] and discussed
[Chern et al., 1995; Yang et al., 1997a].

In conclusion, our results showed no evidence of a major genetic effect in fami-
lies of older nonsmoking probands whereas a rare autosomal codominant gene is
suggested in families of younger probands. In families of older probands, eliminat-
ing exposure to cigarette smoking not only can reduce lung cancer risk by over 85%
among smokers, but also can reduce the risk by over 60% among passive-smokers.
On the other hand, our results from families of young probands demonstrate that the
attributable risk (etiologic fraction) from the putative high-risk allele declines with
age while the attributable risk from tobacco smoking and chronic bronchitis increases
with age. Also, in families with young probands, having a history of chronic bron-
chitis is a much stronger risk factor than being a cigarette smoker. Cautious interpre-
tation of our results is needed because a relatively small proportion of families are in
the young proband group although our probands are all drawn from a well-defined
large population [Swanson et al., 1985].
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APPENDIX A. Estimates Lung Cancer Risk (%) Based on an Environmental Model of 210
Families With Nonsmoking Lung Cancer Probands DiagnoseH 60 Years of Age in Metropolitan
Detroit, 1984-1987

Estimated lung cancer risk (%)

At age 60 years At age 70 years

Risk group (% in study population) Male Female Male Female
High risk (0.1%) >80 >70 >90 >80
Moderate risk (5.8%) 0.2 0.1 0.4 0.2

+ emphysema 10.6 5.7 22.1 10.7

+ ETS 3.8 2.0 8.6 3.8

+ smoking 29.3 17.4 47.8 29.5

+ emphysema and ETS 76.6 59.9 87.6 74.8

+ emphysema and smoking 96.9 94.1 98.7 96.9
Low risk (94.1%) 0 0 0 0

+ smoking, emphysema, and allergy 0.01 <0.01 0.02 0.01

ETS, environmental tobacco smoke.

APPENDIX B. Estimated Penetrance Under a Mendelian Codominant Model for 47 Families
With Nonsmoking Probands Diagnosed < 60 Years of Age in Metropolitan Detroit, 1984-1987

Age in years
Risk group (proportion in the population) 50 60 70
|. Females
Genotype aa (0.000016) .4802 .7375 .8477
+ smoking .7959 .9222 .9592
+ chronic bronchitis .9815 .9938 .9969
+ both .9958 .9986 .9993
Genotype ab (.01) .0031 .0092 .0181
+ smoking .0128 .0378 .0722
+ chronic bronchitis 1494 .3482 5142
+ both 4258 .6927 8171
Genotype bb (.99) 0 0 .0001
+ smoking 0 .0001 .0003
+ chronic bronchitis .0006 .0018 .0035
+ both .0025 .0075 .0147
Il. Males
Genotype aa (0.000016) .5966 .8465 .9297
+ smoking .8619 .9588 .9824
+ chronic bronchitis .9884 .9969 .9987
+ both .9974 .9993 .9997

(continued
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APPENDIX B. Estimated Penetrance Under a Mendelian Codominant Model for 47 Families
With Nonsmoking Probands Diagnosed < 60 Years of Age in Metropolitan Detroit, 1984-1987

(continued

Age in years

Risk group (proportion in the population) 50 60 70
Genotype ab (.01) .0049 .0179 .0419

+ smoking .0203 .0716 .1560

+ chronic bronchitis .2195 5119 .7153

+ both 5427 .8157 .9138
Genotype bb (.99) 0 .0001 .0001

+ smoking .0001 .0003 .0006

+ chronic bronchitis .0009 .0035 .0083

+ both .0040 .0146 .0343

APPENDIX C. Etiologic Fraction (%) for Lung Cancer Cases in the Study Population Based on
a Mendelian Codominant Modef

Age in years
Risk group 50 60 70
|. Females
Genotype ab 0.34 0.45 0.55
+ smoking 1.42 1.86 2.20
+ chronic bronchitis 16.58 17.17 15.67
+ both 47.25 34.16 24.90
Subtotal 65.59 53.64 43.32
Genotype bb 0 0 0.30
+ smoking 0 0.49 0.91
+ chronic bronchitis 6.66 8.88 10.67
+ both 27.74 36.98 44.80
Subtotal 34.40 46.35 55.77
Il. Males
Genotype ab 0.38 0.55 0.68
+ smoking 1.58 2.19 2.53
+ chronic bronchitis 17.05 15.67 11.62
+ both 42.15 24.97 14.85
Subtotal 61.16 43.38 29.67
Genotype bb 0 0.31 0.16
+ smoking 0.78 0.92 0.97
+ chronic bronchitis 6.99 10.71 13.48
+ both 31.07 44.69 55.71
Subtotal 38.84 56.63 70.32

*Total percentage adds to 100 for females and males at each age, respectively.
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