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Abstract

Individual susceptibility to smoking-related cancers is proposed to partly depend on a genetically determined ability to metabo-
lise tobacco carcinogens. We previously reported on the association between the activity of the xenobiotic-metabolising enzyme

CYP2D6 and lung cancer risk in a hospital-based case±control study among French Caucasian smokers. Here we extended the
study to address the e�ect of four gene-inactivating mutations (CYP2D6�3, �4, �5 and �16) and the gene duplication of the CYP2D6
gene (CYP2D6�2�2 or CYP2D6�1�2) on lung cancer risk in the same population (150 patients with primary lung carcinoma of

squamous cell or small cell histology and 172 controls). The risk of lung cancer associated with the CYP2D6 poor metaboliser
genotype (odds ratio 1.5, 95% con®dence interval 0.5±4.3) did not di�er from that in the reference category of extensive metaboliser
and ultra-rapid metaboliser genotypes combined. Lung cancer risks for the CYP2D6 PM genotype amongst light smokers (tobacco
consumption 420 g/day) or heavy smokers (>20 g/day) were not signi®cantly di�erent. The present ®ndings agree with the dis-

crepancy between the phenotype-based and genotype-based studies indicated by the recent meta-analyses. # 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Individual susceptibility to smoking-related cancers is
proposed to partly depend upon a genetically deter-
mined ability to metabolise tobacco carcinogens. The
CYP2D6 gene, which encodes the cytochrome P450
2D6 enzyme, has a well-de®ned phenotypic polymorph-
ism. The polymorphism has been shown to have a
genetic basis, with a multiplicity of variant alleles
identi®ed [1,2]. CYP2D6 has an important role in phar-
macology, it metabolises approximately 25% of com-
monly used drugs. With regard to tobacco smoking,
CYP2D6 has been implicated in the metabolism of

nicotine [3], and it has been shown to catalyse activation
of the tobacco-speci®c pulmonary carcinogen, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK),
(reviewed in [4]), although more recent data point to
a major role for CYP2A6 in both of these bio-
transformation processes [5]. In addition, carcinogen±
DNA adducts have been shown to be reduced in indi-
viduals who do not express functional CYP2D6 protein
[6]. The presence of CYP2D6 mRNA has been demon-
strated in lung tissue [7]. It is therefore conceivable to
assume that individuals with a reduced capacity to
metabolise CYP2D6 substrates, i.e. poor metabolisers
(PMs), may have a decreased risk of lung cancer com-
pared with extensive metabolisers (EMs).
The association between CYP2D6 polymorphism,

determined either with a phenotyping or genotyping
test, and lung cancer has been investigated in numerous
epidemiological studies, with inconsistent results. Early
studies employed phenotyping with a probe drug,
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but later work has often been based on genotypic
assessment [8,9]. De®ciency of CYP2D6 enzyme activity
has been shown to be due to the inheritance of two
alleles coding for inactive or no enzyme. Such alleles
include deletions of the whole CYP2D6 gene and a large
number of sequence alterations resulting in no or
reduced activity [1,10]. It has been shown, however, that
assessment of the gene deletion (CYP2D6�5), and the
two most frequent inactivating mutations in Caucasians
(CYP2D6�3 and CYP2D6�4), detects more than 90% of
the PMs in European Caucasian populations [10,11]. In
addition to defective alleles, a duplication (or ampli®-
cation) of the functional CYP2D6 gene (CYP2D6�2�2
or CYP2D6�2�N) has been discovered and shown to
result in an ultra-rapid metaboliser (UM) phenotype
[12]. This allele is present in a relatively small percentage
of European Caucasians, but considerable variation has
been observed between di�erent ethnic groups [13].
We previously reported on the association between

CYP2D6 enzyme activity, determined using dex-
tromethorphan as the probe drug, and lung cancer in a
hospital-based case±control study among Caucasian
smokers [14]. In that study, no e�ect of CYP2D6 activ-
ity was found on the overall lung cancer risk, but a sig-
ni®cant association was observed between CYP2D6
activity and daily tobacco consumption. Here we
extended the study to investigate the e�ect of four main
CYP2D6 gene-inactivating mutations and gene dupli-
cation on lung cancer risk in the same population. In
addition, we compared genotyping results with those
obtained by phenotyping.

2. Patients and methods

2.1. Subjects

The study population was described previously [14].
Brie¯y, Caucasian individuals were recruited from 1988
to 1992 in 10 French hospitals, of which 9 are located in
Paris. Only incident cases with histologically con®rmed
primary squamous or small cell carcinomas of the lung
were included. A control group, frequency matched for
age, sex and hospital, consisted of patients without pre-
vious or current malignant diseases. Only regular smo-
kers, de®ned as people having smoked ®ve cigarettes or
more (or cigars or pipes) per day for at least 5 years,
were included. Both former smokers (de®ned as indivi-
duals having stopped smoking at least 1 year prior to
the diagnosis) and current smokers were included.
Patients were recruited by seven trained study inter-
viewers. Each interviewer had to include both cases and
controls. A questionnaire was ®lled out for each subject
during a personal interview where information on life-
time tobacco use and alcohol consumption, personal
medical history, current use of medications and occu-

pational history were recorded. Blood samples from 150
lung cancer patients (98 squamous carcinomas and 52
small cell carcinomas) and 172 controls ful®lling the
above-mentioned criteria were collected and stored at
ÿ20�C. The main diagnoses in the controls were rheu-
matological (33%), infectious and parasitic (10%),
respiratory (9%), cardiovascular (8%), digestive (6%)
and traumatological (6%) diseases. The main motive for
admission to hospital was related to general symptoms
(7%) for the other categories. Most of the study subjects
were men (93% of cases and 95% of controls). The
mean age was slightly higher for lung cancer patients
(58.4 years) than for controls (55.0 years). Daily
tobacco consumption was similar in cases and controls
(26.3 g versus 25.1 g, non-signi®cant (NS)). Cases had
smoked longer than controls (38.0 years versus 32.2
years, P<0.001) and the average number of pack-years
was signi®cantly higher among cases than among con-
trols (42.4 versus 32.3, P<0.001). Nineteen per cent of
the cases and 7% of the controls reported a history of
occupational asbestos exposure (P<0.001).

2.2. CYP2D6 genotyping

Lymphocyte DNA was extracted from 10 ml of per-
ipheral blood using standard protocols. In addition to
the wild-type allele (CYP2D6�1), four de®cient variant
alleles (�3, �4, �5 and �16) together with the gene ampli-
®cation (CYP2D6�2�2 or CYP2D6�1�2, no distinction
was made between these two alleles) were determined.
Polymerase chain reaction±restriction fragment length
polymorphism (PCR-RFLP) was used to detect the base
pair deletion in exon 4 (CYP2D6�4 allele) as described
by Hirvonen and colleagues [15], as well as the frame
shift mutation in exon 5 (CYP2D6�3 allele) given in
Smith and colleagues [16]. The two di�erent deletion
polymorphisms (CYP2D6�5 and �16) and duplication
(CYP2D6�2�2) of the CYP2D6 gene were detected
using Southern blotting and hybridisation [12]. Brie¯y,
total genomic DNA (2.5 mg) was digested with EcoRI.
Following gel electrophoresis DNA fragments were
transferred onto Zetaprobe GT-membranes (Bio-Rad,
1982) using standard Southern blotting procedures and
hybridised with a [32P]-dCTP-labelled cDNA probe
(kindly supplied by F. Gonzales, NIH, Bethesda,
USA) at +65�C overnight. The presence of a 12.1 kb
band revealed the CYP2D6�2�2 allele, whereas the
CYP2D6�5 and CYP2D6�16 alleles were detected by the
presence of bands at 13.0 and 11 kb, respectively.
Individuals with two wild-type CYP2D6 alleles were

considered as extensive metabolisers (EMs). Those with
two inactivating alleles of the gene, and thus devoid of
CYP2D6 activity, were designated as poor metabolisers
(PM). Carriers of one wild-type allele and one inacti-
vating allele were predicted as intermediate metabolisers
and marked as heterozygous intermediate metabolisers
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(HEMs). Individuals with the CYP2D6�2�2 allele and
without any inactivating allele were predicted as UMs.
Those with one inactivating allele and the gene duplica-
tion were assumed to be comparable with individuals
with two functional alleles, and therefore considered as
phenotypic EMs. One control subject among the cases
was found to be homozygous for the CYP2D6�4 allele
and also carried the duplicated gene. Similarly, one
carried both CYP2D6�4 and �3 alleles in addition to the
duplication. These 2 subjects were thus predicted as
PMs.

2.3. Phenotyping test

Data on CYP2D6 activity was available for 129 out
of 172 (75%) control individuals. This enzymatic capa-
city was scored through the use of the probe drug
dextromethorphan as previously described [14]. The
main criteria for exclusion were: refusal to give
informed consent, inability to take oral medications or
to be interviewed, presence of severe renal or liver dis-
ease or chronic heart failure, and use of medications
known or suspected to interfere with the phenotyping
test (neuroleptics, antidepressants, anti-arrhythmics, b-
blockers and drugs containing cimetidine, debrisoquine,
dextromethorphan, dextropropoxyphene, diltiazem,
guanoxan, phenacetine, phenformine or phenotiazine).
All other medications administered during the last week
before phenotyping test were abstracted from medical
records. The CYP2D6 activity was expressed as the MR
(metabolic ratio) of dextromethorphan to its metabolite
dextrorphan. Individuals were classi®ed as EMs
(MR40.3) or PMs (MR>0.3) by their phenotype. The
reproducibility of phenotype assignment has been
assessed for a sample of individuals in two di�erent
laboratories.

2.4. Statistical analysis

Odds ratios (ORs) and 95% con®dence intervals (CIs)
were calculated by unconditional logistic regression
using the generalised linear interactive modelling statis-
tical package [17]. All ORs were adjusted for sex and
age (<50, 50±54, 55±59, 60±64, 565 years). Because of
the very strong association between smoking and lung
cancer, ORs were also adjusted for smoking by includ-
ing in the model smoking status (ex-smokers/current
smokers), inhalation (no/yes), duration of smoking in
years (425, 26±35, >35) and daily consumption of
tobacco in g/day (420, 21±30, >30). Occupational
exposures to asbestos (no/yes) and arsenic (no/yes) were
also considered as confounding factors.
Interactions between CYP2D6 genotypes and

smoking-related variables were studied to test the
equality of the e�ect of CYP2D6 genotypes across levels
of smoking exposure. These interactive e�ects were asses-

sed by the likelihood ratio test to compare the goodness of
®t of the model with and without the interaction term [18].
For that purpose, the average daily consumption of
tobacco, the duration of smoking and the number of
pack-years (number of packs smoked per day multiplied
by number of years of smoking; 20 cigarettes per pack)
were expressed as categorical variables de®ned with two
levels of smoking exposure according to the approx-
imate median in the control population.
The low overall prevalence of the CYP2D6 UM gen-

otype prevented us from investigating the e�ect of this
genotype on lung cancer. CYP2D6 UM and EM geno-
types were therefore combined in all analyses. Due to a
small number of individuals with the CYP2D6 PM
genotype, the combined CYP2D6 UM and EM geno-
type category was considered as the reference in order
to provide more stable risk estimates. One control indi-
vidual and 2 lung cancer patients had one CYP2D6�4
allele and the gene duplication. It was not possible to
elucidate whether the wild-type or the CYP2D6�4 allele
was the duplicated one. Therefore, we could not expli-
citly predict the phenotype (EM or HEM) of these
individuals, and decided to exclude them from the sta-
tistical analyses.

3. Results

Table 1 shows the frequency distribution of CYP2D6
genotypes among lung cancer patients and controls.
Among lung cancer patients, the frequencies of the
genotypes representing UM, EM, HEM and PM were
2.7%, 52.0%, 39.9% and 5.4%, respectively. The cor-
responding frequencies among the controls were 4.7%,
62.6%, 26.3% and 6.4%.
CYP2D6�4 was the most common inactivating allele

detected; 37.8% of the cases and 26.9% of the controls
carried this allele (allele frequencies 0.206 and 0.149,
respectively). The frequencies detected are shown in
Table 1. From the ®ve lung cancer cases with the gene
duplication, 4 (80%) were predicted to be UMs, and 1
(20%) as a PM (�3/�4�2). In 10 controls, 8 (80%) were
UMs, 1 (10%) an EM, and 1 (10%) a PM (�4/�4�2) (Table
1). The two gene duplication carriers predicted to be PMs
had metabolic ratios of dextromethorphan to dextrorphan
above the antimode 0.3 (4.6 and 1.3, respectively).
The risk of lung cancer among the individuals with

the PM genotype did not di�er signi®cantly from that
among cases with the EM or UM genotype (OR=1.5,
95% CI 0.5±4.3) (Table 2). The results remained the
same when squamous cell carcinomas and small cell
carcinomas were considered separately (data not
shown). We also examined the interactive e�ects
between the CYP2D6 genotypes and daily tobacco
consumption at two levels (420 g/day and >20 g/day)
on lung cancer risk. No signi®cant interaction was
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found (w2 for homogeneity=0.60, 2 degrees of freedom,
NS). The ORs of lung cancer did not di�er among light
smokers and heavy smokers in the di�erent classes of
CYP2D6 genotype (Table 2). The results were not
modi®ed when duration of smoking (435 years and
>35 years) or pack-years of smoking (435 pack-years
and >35 pack-years) were considered (data not shown).
However, the statistical power in these analyses to
detect di�erences in lung cancer risks was low due to the
relatively small sample sizes.
Both phenotype and genotype determinations were

available for 129 control subjects. Fig. 1 shows the dis-
tribution of the metabolic ratio by CYP2D6 genotypes.
Overall, the two determinations gave concordant results
for 121/129 control individuals (93.8%, 95% CI 88.1±
97.3%). As shown in Fig. 1, there were two genotypic

PMs (�3/�4, and �4/�4), for whom the MR was below
the MR antimode of 0.3. Among the genetic hetero-
zygotes, there were four individuals with a PM pheno-
type. Similarly, two genotypic EMs were phenotypically
determined as PMs, possibly due to unrecorded medi-
cation with drug(s) that can interfere with the CYP2D6
phenotyping.

4. Discussion

This case±control study did not detect a di�erence in
the risk of lung cancer between individuals with the PM
genotype compared with those with an EM or UM
genotype. Our results are in accordance with those
reported in two recent genotyping studies [19,20] and

Table 1

Predicted phenotypes and the detected genotypes among lung cancer cases (n=148) and hospital controls (n=171)

Phenotype predicted Genotype detected Cases Controls

n (%) n (%)

UM CYP2D6�1/CYP2D6�2�2a 4 (2.7) 8 (4.7)

Total 4 (2.7) 8 (4.7)

EM CYP2D6�1/CYP2D6�1 77 (52.0) 106 (62.0)

CYP2D6�5/CYP2D6�2�2a 0 1 (0.6)

Total 77 (52.0) 107 (62.6)

HEM CYP2D6�1/CYP2D6�3 7 (4.7) 4 (2.3)

CYP2D6�1/CYP2D6�4 48 (32.4) 35 (20.5)

CYP2D6�1/CYP2D6�5 4 (2.7) 5 (2.9)

CYP2D6�1/CYP2D6�16 0 (0.0) 1 (0.6)

Total 59 (39.9) 45 (26.3)

PM CYP2D6�3/CYP2D6�4 0 3 (1.8)

CYP2D6�3/CYP2D6�4�2b 1 (0.7) 0

CYP2D6�4/CYP2D6�4 6 (4.1) 5 (2.9)

CYP2D6�4 CYP2D6�5 0 2 (1.2)

CYP2D6�4/CYP2D6�16 1 (0.7) 0

CYP2D6�4/CYP2D6�4�2 0 1 (0.6)

Total 8 (5.4) 11 (6.4)

UM, ultra-rapid metaboliser; EM, extensive metabolisers; HEM, heterozygous intermediate metaboliser; PM, poor metaboliser.
a Not determined, whether it was the CYP2D6�2 or CYP2D6�1 allele that was duplicated.
b Not determined, whether it was the CYP2D6�4 or CYP2D6�3 allele that was duplicated.

Table 2

CYP2D6 genotype and tobacco smoke exposure: number of cases/controls and odds ratios (OR) and 95% con®dence intervals (CI) of lung cancer

Tobacco consumption

Phenotype

predicted

Total 420 g/day >20 g/day

Cases/controlsa ORb (95% CI) Cases/controls ORc (95% CI) Cases/controls ORc (95% CI)

UM or EM 79/114 1 [Ref.] 34/57 1 [Ref.] 45/57 1.2 (0.6±2.3)

HEM 57/44 1.9 (1.1±3.2) 29/21 2.1 (0.9±4.2) 28/23 2.1 (1.0±4.6)

PM 8/11 1.5 (0.5±4.3) 5/7 2.1 (0.5±8.2) 3/4 1.1 (0.2±5.8)

UM, ultra-rapid metaboliser; EM, extensive metaboliser; HEM, heterozygote intermediate metaboliser; PM, poor metaboliser; OR, odds ratio;

CI, con®dence interval.
a For 4 cases and 2 controls, smoking exposure data were missing.
b Adjusted for sex, age, daily tobacco consumption, duration of smoking, smoking status, inhalation, asbestos exposure and arsenic exposure.
c Adjusted for sex, age, duration of smoking, smoking status, inhalation, asbestos exposure and arsenic exposure.
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meta-analyses [8,9]. The meta-analyses found a con-
sistent small decrease in the risk of lung cancer
associated with the PM phenotype (OR 0.69, 95% CI

0.52±0.90, and 0.70, 95% CI 0.47±1.03; Refs. [8] and [9],
respectively), while lung cancer studies based on geno-
typing assays did not indicate such an e�ect [8,9].

Fig. 1. (a±d) Distribution of the metabolic ratio (MR) (log MR; antimode indicated by an arrow) by the ultra-rapid metaboliser (UM), extensive

metaboliser (EM), heterozygote intermediate metaboliser (HEM) and poor metaboliser (PM) genotype in the 129 control individuals with both

phenotype and genotype determinations available.
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The lung cancer risks associated with CYP2D6 geno-
types were similar among light smokers (420 g
tobacco/day) and heavy smokers (>20 g/day). The ORs
for the HEM genotype were somewhat increased in
both smoking categories, similar to that in the total
population. Since the e�ect was not seen consistently in
all groups, we interpret the ®nding to be due to chance
rather than to indicate a true association. It has been
suggested that the di�erence in the risk of lung cancer
associated with the CYP2D6 phenotype is restricted to
non-adenocarcinoma histology, and that this could at
least partially explain inconsistencies in the literature
data. Our results do not support this view, as our study
population consisted of cases with squamous cell carci-
noma and small cell carcinoma with no signi®cant dif-
ference observed in risk between PM and EM or UM
genotypes. This ®nding is in keeping with another study
on Caucasian lung cancer cases not ®nding a di�erence
in the risk between the various cell types [20].
To study the phenotype±genotype correlation, we

compared the metabolic ratio of dextromethorphan
within the control population to the genotypes assessed.
The phenotyping procedure revealed a bimodal dis-
tribution of the log(MR), where individuals with the
PM phenotype accounted for 8.5% (n=11/129). The
genotype assessment detected 5.4% (n=7/129) of the
control individuals as PMs. These values are in agree-
ment with those reported for Caucasian populations (5±
10%) [10,13,21]. The frequency of gene duplication
similarly agreed with that observed earlier among Cau-
casians [10,22]. To compare our results with those of the
literature, we tabulated the phenotype±genotype con-
cordance in twelve di�erent studies, which had pre-
dicted the metabolic phenotype by genetic analyses

(Table 3). The concordance found between the pheno-
type and genotypes in our study (93.8%) agrees with
literature data (93.4±100%).
Discrepant phenotype±genotype determinations were

initially observed for 8 out of our 129 control indivi-
duals (6.2%), and the samples were re-analysed for both
genotype and phenotype assessments. All the genotypes
were recon®rmed, whereas 1 individual classi®ed as EM in
the ®rst phenotypic determination, with a metabolic ratio
close to the antimode value, was found to be a PM in re-
analysis of the MR. A number of drugs have well-known
properties to interfere with CYP2D6 enzyme activity and
are thus likely to produce misclassi®cation into phenotype
assignment [23]. To circumvent potential false phenotyp-
ing results from this source, all individuals who according
to hospital records had taken such medication were exclu-
ded from the study. However, for the remaining subjects,
we could not formally exclude possible patient self-medi-
cation or administration of such drugs without formal
medical prescription.
The genotype assessments included the most prevalent

CYP2D6 inactivating alleles covering more than 90% of
the PMs [2,10]. It is, however, possible that a few indi-
viduals carried rare inactivating alleles not searched for
in the present study as reported for some Caucasian
populations [10,21]. The reasons for the MR values of
<0.3 detected for two genotypic PMs are more di�cult
to explain but may have been caused, e.g. by metabo-
lism of dextromethorphan by other CYP enzymes, such
as CYP3A4 [24]. Genotyping indicated for 1 case and
1 control that a defective allele (probably �4) was
duplicated. For both of these, the phenotyping result
con®rmed the PM status. This is in accordance with
data showing that with a low frequency some of the

Table 3

Studies on the CYP2D6 phenotype±genotype association

Phenotyping Genotyping

Author

[Ref.]

Study population Probe drug Number

of PMs (%)

Variant alleles

determined

Number

of PMs

Concordance

(%)

Heim [25] 22 EMs, 9 PMs Multiple ± �3,�4 9 100

Evans [26] 116 healthy volunteers DMP 20 (17.2) �3,�4,�5 13 93.9

Broly [27] 249 EMs, 86 PMs SPT, DBQ ± �3,�4,�5,�9 78 96.4

Dahl [28] 167 EMs DBQ ± �3,�4 31 99.5

Daly [29] 73 healthy volunteers,

32 PMs

DBQ 2 (2.7) �3,�4,�5 2 100

Hirvonen [15] 20 healthy volunteers DBQ 3 (15) �3,�4,�5 3 100

Douglas [30] 11 EMs, 14 PMs DMP �3,�4 13 96.0

Bock [31] 194 healthy volunteers SPT 15 (7.7) �3,�4,�5 9 96.9

Brosen [32] 77 EMs, 91 PMs SPT ± �3,�4,�5 80 93.4

Zimmermann [33] 83 healthy volunteers DMP 5 (6.0) �3,�4 5 100

Sachse [11] 589 volunteers (healthy

or with diseases)

DBQ, DMP 49 (8.3) >10 46 99.5

Marez [1] 42 EMs, 21 PMs DBQ, DMP, SPT ± >10 21 95.2

Laforest (this study) 129 hospital controls

without cancer

DMP 11 (8.5) �3,�4,�5,�16, 2XN 7 93.8

DMP, dextromethorphan; DBQ, debrisoquine; SPT, sparteine; EM, extensive metaboliser; PM, poor metaboliser.
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duplicated alleles carry the �4 mutation [10,11]. In all,
our present work is in keeping with two recent studies
on phenotype±genotype relationships indicating that
neither the phenotype nor genotype was completely
accurate in the identi®cation of poor metabolisers [2,21].
In conclusion, the present study on Caucasian

smokers did not indicate a decreased risk of lung cancer
associated with the CYP2D6 poor metaboliser geno-
type. Strati®cation by tobacco smoke exposure or
tumour histology did not alter the results. Our present
®nding is in accordance with those reported in recent
meta-analyses. The discrepant results from the pheno-
type-based and genotype-based studies reported so far
remain unexplained as yet. Obviously, one explanation
may be that some functionally important variant
CYP2D6 alleles are still to be identi®ed. Alternatively,
as was recently suggested for Parkinson's disease [34], it
may be possible that CYP2D6 is in linkage dis-
equilibrium with another locus at chromosome 22q13.
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