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Abstract Cytochrome P450 2D6 (CYP2D6) plays an
important role in the formation of endoxifen, the active
metabolite of tamoxifen. In this study the association
between the most prevalent CYP2D6 null-allele in Cau-
casians (CYP2D6*4) and breast cancer mortality was
examined among all incident users of tamoxifen in a
population-based cohort study. Breast cancer mortality was
significantly increased in patients with the *4/*4 genotype
(HR = 4.1, CI 95% 1.1-15.9, P = 0.041) compared to
wild type patients. The breast cancer mortality increased
with a hazard ratio of 2.0 (CI 95% 1.1-3.4, P = 0.015)
with each additional variant allele. No increased risk of all-
cause mortality or all-cancer mortality was found in
tamoxifen users carrying a CYP2D6*4 allele. The risk of

M. J. Bijl - A. Hofman - B. H. Ch. Stricker (P<)) - L. E. Visser
Department of Epidemiology, Erasmus MC, P.O. Box 2040,
3000 CA Rotterdam, The Netherlands

e-mail: b.stricker@erasmusmc.nl

M. J. Bijl
e-mail: m.bijl.1 @erasmusmc.nl

M. J. Bjjl - L. A. Lammers - A. G. Vulto - T. van Gelder -

L. E. Visser

Department of Hospital Pharmacy, Erasmus MC, P.O. Box 2040,
3000 CA Rotterdam, The Netherlands

R. H. N. van Schaik
Department of Clinical Chemistry, Erasmus MC, P.O. Box 2040,
3000 CA Rotterdam, The Netherlands

T. van Gelder - B. H. Ch. Stricker
Department of Internal Medicine, Erasmus MC, P.O. Box 2040,
3000 CA Rotterdam, The Netherlands

B. H. Ch. Stricker
Drug Safety Unit, Inspectorate for Health Care, P.O. Box 16119,
2500 BC The Hague, The Netherlands

breast cancer mortality is increased in tamoxifen users with
decreased CYP2D6 activity, consistent with the model in
which endoxifen formation is dependent on CYP2D6
activity.
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Introduction

Breast cancer is a major public health problem. In the
Netherlands the incidence of breast cancer increased from
85 per 100,000 person years in 1974 to almost 130 per
100,000 person years in 2004 [1]. Tamoxifen is one of the
most widely used drugs for post-menopausal women with
estrogen receptor-positive breast cancer. In metastatic
breast cancer, about 30% of the women respond to
tamoxifen therapy [2, 3]. Women with estrogen receptor-
positive breast cancer taking adjuvant tamoxifen for
5 years have a decreased risk of breast cancer recurrence
and significantly lower mortality rates compared to women
not using tamoxifen [2, 3] .

Tamoxifen undergoes extensive hepatic metabolism to
more potent metabolites, including 4-hydroxy-tamoxifen
and endoxifen (4-hydroxy-N-desmethyl-tamoxfen). En-
doxifen and 4-hydroxy-tamoxifen have a 50-fold higher
affinity for the estrogen receptor than tamoxifen. Plasma
concentrations of endoxifen are on average 5-10 times
higher than those of 4-hydroxy-tamoxifen, making endox-
ifen the most active substance [4, 5]. Cytochrome P450
2D6 (CYP2D6) plays an important role in the formation
of endoxifen from tamoxifen [6]. The activity of CYP2D6
is mainly determined by the presence of genetic poly-
morphisms, rather than by induction or inhibition of
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expression, giving rise to a 1,000-fold difference in
CYP2D6 metabolic capacity [7]. Individuals carrying two
non-functional alleles of the CYP2D6 gene lack CYP2D6
enzyme activity and are therefore classified as poor me-
tabolizer (PM), whereas extensive metabolizers (EMs)
have 2 functional alleles and exhibit normal enzyme
activity. Carriers of one functional and one non-functional
allele are usually classified as intermediate metabolizers
(IMs) [8, 9]. For CYP2D6, the CYP2D6*4 allele is the
most common variant allele in Caucasians leading to the
PM phenotype [9, 10].

Homozygosity for CYP2D6 non-functional alleles has
been associated with lower plasma concentrations of en-
doxifen [11, 12]. Goetz et al. were the first to describe that
women using adjuvant tamoxifen had a higher risk of
breast cancer recurrence and a lower incidence of hot fla-
shes when they had the CYP2D6 *4/%4 genotype [13]. In
another study patients with decreased CYP2D6 activity due
to co-administration of CYP2D6 inhibitors or *4 carrier-
ship had a significantly shorter time to breast cancer
recurrence and shorter disease free survival, again illus-
trating the important role of CYP2D6 in tamoxifen therapy
[14]. Recently, Schroth et al. confirmed that patients with
impaired CYP2D6 metabolism had an increased risk of
breast cancer recurrence and worse event free survival rates
[15]. In contrast, two other studies showed no association
or a tendency towards a decreased recurrence rate in users
of tamoxifen with the CYP2D6*4 variant allele [16-18]. In
fact, Wegman et al. surprisingly found that patients car-
rying a CYP2D6*4 allele surprisingly had a significantly
better prognosis than wild type individuals [17, 18]. A
comparable, but not statistically significant, result was
found by Nowell et al. in which a hazard ratio of 0.67 (95%
CI 0.33-1.35) on progression free survival was found in
CYP2D6*4 carriers [16].

The differences in the effect of the CYP2D6*4 poly-
morphism on breast cancer survival found among the
different studies are as yet unresolved, and therefore
additional studies are needed, as indicated by Lash et al.
[19].

The current study investigated the association between
the CYP2D6*4 polymorphism and breast cancer mortality
in incident tamoxifen users in a population-based cohort
study.

Methods
Setting
Data were obtained from the Rotterdam Study, a popula-

tion-based cohort study among 7,983 persons aged
55 years and older [20, 21]. The Medical Ethics Committee
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of the Erasmus Medical Center approved the study and
written informed consent was obtained from all partici-
pants. Baseline examination took place between 1990 and
1993 and consisted of a home interview followed by two
visits to the research center. Blood samples were obtained
from which DNA was isolated. Since the start of the study,
participants have been re-examined periodically. To iden-
tify all mortality cases, the vital status of the participants
was obtained regularly from the municipal population
registry. The cause of death was established by information
from the general practitioner, including medical history,
and in case of hospitalization, discharge reports from
medical specialists were obtained. Two research physicians
coded all events independently according to the Interna-
tional Classification of Diseases-10" edition. Information
on medication use for all participants was available since
January 1991. The seven computerized pharmacies cover
the research area and provide information on the drug
dispensed (Anatomical Therapeutical Chemical (ATC)-
code), dispensing date, the total amount of drug units per
prescription and the prescribed daily number of units of the
drugs.

Study design and outcomes

The study cohort consisted of all women in the Rotterdam
Study, who received a first prescription of tamoxifen
between April Ist 1991 and July Ist 2005. Subjects in
whom no CYP2D6 genotype was available and who
received tamoxifen in the first 3 months of available
pharmacy data were excluded from the analysis in order to
have a complete medication survey and to include only
incident users. Participants should at least have a follow-up
of 180 days. Subjects were followed from their first
tamoxifen prescription until death or the end of the study
period whichever came first. Cancer mortality and breast
cancer mortality were independently assessed by two
medical doctors on the basis of the medical record and
pathology data according to the International Classification
of Diseases (ICD-10). In case of discrepancy, a cancer
epidemiologist decided.

Genotyping

All participants in the Rotterdam Study were genotyped for
the CYP2D6%*4 polymorphism (1846G>A) as described
earlier [22]. Briefly, 1 ng of genomic DNA was amplified
in 40 cycles of denaturation at 92°C for 15 s and annealing
and extension at 60°C for 1 min using Tagman assays
(Applied Biosystems, Foster City, USA).

Individuals were classified as homozygous *4/*4 (PM),
heterozygous *1/*4 (IM) or, in the absence of the
1846G>A SNP, as *1/*] (EM).
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Statistical Analysis

The association between CYP2D6 genotype and mortality
due to any cause, cancer mortality, or mortality due to
breast cancer was examined using Cox proportional hazard
models with drug exposure as time-dependent variable. In
this model the mortality date was taken as the index date.
To each mortality case, all persons using tamoxifen who
were still alive on the index date of the case were matched
on duration of use of tamoxifen. Analyses were adjusted
for age at the index date, total tamoxifen duration, average
tamoxifen dose and calendar time. Co-administration of
strong CYP2D6 inhibitors (fluoxetine, paroxetine, bupro-
pion, quinidine) or weak inhibitors (sertraline, duloxetine,
cimetidine, terbinafine, amiodaron) was considered as
potential confounder or effect modifier. Confounders were
adjusted for in the analyses if they caused a change in the
point estimate of more than 10 percent. The association
between CYP2D6 and breast cancer mortality was studied
with an allele-effect model (gene-dose effect), with a
genotype-effect model (CYP2D6*1/*1, *1/%4, *4/*4 sepa-
rately), and with a dominant/recessive model (*1/*4 and
*4/%4 vs. *1/*] or *4/%4 vs. *1/*4 and *1/*1).

In addition, we used all women in the Rotterdam Study, in
whom information on CYP2D6 genotype was available, to
examine the association between CYP2D6 and breast cancer
mortality in the whole population including non-users.

Genotype frequencies were tested for Hardy Weinberg
equilibrium using a Chi-square test. All analyses were
performed using SPSS software (version 11.0, Chicago,
USA).

Results

Of the 4,878 women in the Rotterdam Study 108 patients
used tamoxifen at any time during the study period.
CYP2D6 genotype was known in 85 of these patients. In the
other 23 patients there was no DNA sample available for
genotyping. The characteristics of the study population are
given in Table 1. The allele frequency of the CYP2D6%*4
allele was 21.8%. Genotype frequencies were in Hardy-
Weinberg Equilibrium (3* = 0.0003; P = 0.987).

The association between CYP2D6 genotype and mor-
tality is shown in Table 2. The risk of all-cause mortality
did not significantly differ between the different CYP2D6
genotypes in tamoxifen users. There was also no increased
risk of cancer mortality in PMs compared to EMs. How-
ever, in an allele-effect model there was a significantly
increased breast cancer mortality risk with a hazard ratio of
2.0 per additional variant allele (CI 95% 1.1-3.4,
P = 0.015). In a genotype-effect analysis, the risk of death
due to breast cancer was significantly increased in

Table 1 Characteristics

Tamoxifen users

n 85

Mean age first tamoxifen use, years (SD) 75.5 (8.8)

CYP2D6 genotype
*1/%1 52 (61.2%)
*1/%4 29 (34.1%)
*4/%4 4 (4.7%)

CYP2D6 inhibitors

strong (duration of use) 6 (20-608 days)
5 (15-235 days)
2.13 (1.8)

33.7 (8.7)

weak (duration of use)
Mean tamoxifen duration, years (SD)

Average tamoxifen dose, mg (SD)

tamoxifen users with the CYP2D6 *4/*4 genotype
(HR = 4.1, CI 95% 1.1-15.9, P = 0.041) compared to
EMs. In IMs using tamoxifen there was a non-significantly
increased risk of breast cancer mortality (HR = 1.9, CI
95% 0.9-3.9, P = 0.075).

Taking homozygous and heterozygous *4 individuals
together in a dominant model, the breast cancer mortality
risk was 2.1 (CI 95% 1.1-4.2, P = 0.031). These results
are graphically represented in Fig. 1. There was no
increased mortality due to breast cancer among women
with the CYP2D6 *4/*4 genotype in the whole population
(HR = 1.1; CI 95% 0.3-3.6, P = 0,88).

Co-administration of CYP2D6 inhibitors (fluoxetine,
paroxetine, sertraline, cimetidine, amiodaron) occurred in
11 subjects (13%) taking tamoxifen. The duration of
use varied from 15 days to 1.7 year. Co-administration
of any CYP2D6 inhibitor did not influence our model as a
confounder or effect modifier. In order to assess the
potential effect of CYP2D6 co-medication, we analyzed a
CYP2D6*1/*1 person concurrently prescribed a CYP2D6
inhibitor as an intermediate metabolizer. Likewise, a
heterozygous CYP2D6%*1/*4 was analyzed as a poor
metabolizer when taking CYP2D6 co-medication. In this
way, the risk of breast cancer mortality in poor metabo-
lizers was 4.0 instead of 4.1 (P = 0.025).

Discussion

Our population-based study showed that tamoxifen users
with a decreased CYP2D6 enzyme activity are at increased
risk of breast cancer mortality. Per additional variant allele
the hazard ratio of breast cancer mortality increased with a
factor 2. These results support previous findings of Goetz
et al. and Schroth et al. [13—15], and are consistent with the
model in which endoxifen formation, the most active
substance of tamoxifen therapy, is dependent on CYP2D6
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Table 2 Association between CYP2D6%4 genotype and mortality risk

All-cause mortality Cancer mortality Breast cancer mortality

Cases HR?* (95% CI) P-value Cases HR? (95% CI) P-value Cases HR?* (95% CI) P-value
CYP2D6 genotype
*1/¢] (EM) 30 1.00 (ref) 20 1.00 (ref) 17 1.00 (ref)
*1/%4 (IM) 19 1.5 (0.8-2.8) 0.164 15 1.6 (0.8-3.2) 0.183 15 1.9 (0.9-3.9) 0.075
/e (PM) 4 1.9 (0.6-5.6) 0.261 3 3.1(0.8-11.4)  0.097 3 4.1 (1.1-15.9)  0.041

? Hazard ratios (HR) were calculated using cox-propotional hazard models with time-dependent variables and were adjusted for age at the index
date, total tamoxifen duration, average tamoxifen dose and calendar time

1.0 o
CYP2D6*4 genotype
— wild type
- *4 carrier
0.8
®
2
>
5 0.6
(7]
I
[
3]
c
S
= 0.4
1]
©
<
- I
0.2
0.0

T T T T T T T T
0 2 4 6 8 10 12 14

Follow-up (years)

Fig. 1 Kaplan Meier breast cancer survival curve for CYP2D6*4
genotype. Heterozygous and homozygous *4 allele carriers were
combined. This figure was unadjusted for age, total tamoxifen
duration, average tamoxifen dose and calendar time

activity. Interestingly, we found a statistical significant
effect despite the small group (n = 4) of CYP2D6 PMs,
indicating that the impact of this phenotype on breast
cancer survival can be impressive. In our study interme-
diate metabolizers tended to have an increased risk of
breast cancer mortality, suggesting an allele dose effect
rather than a recessive model where the risk increase would
be limited to *4/*4 homozygous individuals. Goetz et al.
included the heterozygous *4 carriers (with or without
potent CYP2D6 inhibitors) in the decreased enzyme
activity group [14]. They found an increased risk of breast
cancer recurrence in tamoxifen users with decreased
CYP2D6 activity (HR = 1.91) and worse relapse free
survival (HR = 1.74). IMs in that study did not have a
shorter time to breast cancer recurrence, but tended to have
worse relapse-free survival, albeit marginally non-signifi-
cant (P = 0.07).
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Co-administration of CYP2D6 inhibitors leads to lower
endoxifen plasma concentrations [11, 12] and Goetz et al.
showed that in subjects taking CYP2D6 inhibitors tamox-
ifen presumably was less effective. In our study, the use of
CYP2D6 co-medication was limited to approximately 10%
of the patients. When we took CYP2D6 co-medication into
account, we found a comparable risk of breast cancer
mortality in CYP2D6 PMs as to analysis with genotype
alone, but concurrent use of CYP2D6 inhibitors was scarce
and differed in duration of use.

Potential biases of population-based studies are selec-
tion bias, information bias and confounding. In our study
selection bias probably did not occur, since all tamoxifen
users were selected independently of CYP2D6 metabolizer
status in a large cohort study. Patients for whom no blood
sample was available were slightly younger (mean age of
74.7) and probably more diseased, but missing blood
samples were not likely to be related to CYP2D6 genotype.
Information bias is unlikely as both information on expo-
sure and disease were gathered prospectively and without
knowledge of the research hypothesis and genotype status.
Some random misclassification may have occurred,
because only the *4 variant allele of the CYP2D6 gene was
determined in our study. This variant is by far the most
common polymorphism in Caucasians and >75% of PMs
can be identified by genotyping this polymorphism [9, 10].
Other less frequent CYP2D6 non-functional alleles like *3
and *6 were not determined, based on their low allele
frequencies in Caucasians [10]. The CYP2D6*5 allele
(gene deletion), which has an allele frequency of 5% was
incorporated in our assay, because *4/*5 individuals will
be scored as *4/*4, with the correct PM phenotype. In the
heterozygous CYP2D6*1/*4 patients, no *5 allele can be
present. Only in the 52 individuals of the CYP2D6*1/*]
group, 5% (2-3 individuals) may have had a *1/*5 geno-
type which was missed, misclassifying these patients as
EM instead of IM. However, this misclassification would
lead to a conservative estimation of the currently described
association. We adjusted for age, total tamoxifen use,
average tamoxifen dose and calendar time. Although we
had no complete information on breast cancer stage, tumor
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size, nodal stage or estrogen receptor (ER) status, CYP2D6
genotype is not known as being associated with these
parameters. Schroth et al. did not find a correlation between
genotype and tumor size, nodal stage, histologic grade or
ER status [15]. From the information available, we
deduced that approximately 75% of the women in our
study received tamoxifen for metastatic breast cancer. Most
studies on tamoxifen efficacy and CYP2D6 are performed
in patients taking adjuvant therapy.

Improved efficacy of the aromatase inhibitor anastrozole
compared to tamoxifen in metastatic breast cancer and as
adjuvant treatment for breast cancer was reported in other
studies [23, 24]. The difference could be explained by a
worse outcome in CYP2D6 PMs using tamoxifen. Mod-
eling suggested that breast cancer survival outcomes in
tamoxifen EMs are indeed similar or even superior to those
in aromatase inhibitors [25].

Our study demonstrated that the risk of breast cancer
mortality is increased in patients carrying the CYP2D6%4
allele. These patients probably benefit more from aroma-
tase inhibitors, which activity is independent of CYP2D6
enzyme activity. Another option for these patients is to
increase the dose of tamoxifen. In our study all *4/*%4
individuals received tamoxifen 40 mg once daily and still
had an increased risk of breast cancer mortality (after
adjustment of dose).

Genotyping of the CYP2D6 gene before start of endo-
crine treatment in breast cancer could identify PMs who
will better respond to aromatase inhibitors than to tamoxi-
fen therapy. CYP2D6 EMs could be prescribed tamoxifen,
since aromatase inhibitors are more expensive. Cost-effec-
tiveness studies should be done in order to support the
implementation of CYP2D6 genotyping in clinical practice.

In conclusion, our population-based study does confirm
that tamoxifen users with decreased CYP2D6 activity have
an increased risk of breast cancer mortality. Other drugs
may have to be considered in these patients.
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