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The question of whether genetic polymorphisms of CYP2D6 can
affect treatment outcome in patients with early postmenopausal
breast cancer has been a matter of debate. With the recent negative
results with regard to CYP2D6 genotyping from the Breast Interna-
tional Group (BIG) 1-98 and Arimidex, Tamoxifen, Alone or in Com-
bination (ATAC) studies, the study investigators suggest that testing
for CYP2D6 has no value in clinical practice.1,2 The authors of the
accompanying editorial conclude that this matter can be likely laid to
rest.3 However, pharmacogenetic experts demanded the retraction of
the BIG 1-98 CYP2D6 study4 on the basis of massive departures from
Hardy-Weinberg equilibrium (HWE; Table 1), possibly because of the
bias that may result when the CYP2D6 genotype is obtained from the
tumor (somatic) genome and not the host genome (germline DNA).
Various authors in their letters attribute the highly distorted genotype
frequencies to allelic imbalance associated with loss of heterozygosity
(LOH) in breast tumor tissue,4,5 deviation from the standard genotyp-
ing assay protocol,5 or the presence of pseudogenes neighboring the
CYP2D6 locus.6 Because the BIG 1-98 and ATAC pharmacogenetic
studies may be considered sufficient to settle the issue of the value of
CYP2D6 in decision making regarding endocrine therapy in post-
menopausal women with breast cancer, we revisit the hypothesis,
comment on the complementary evidence, and discuss pros and cons
of the validity of CYP2D6 tamoxifen pharmacogenetics.

What Level of Evidence Is Needed?

We agree with the statement7 that a number of reported studies
have been confounded as a result of a variety of biases and do not
provide the level of evidence that is needed to recommend CYP2D6
genotyping. In fact, all published pharmacogenetic studies, by virtue
of their retrospective nature (including prospective-retrospective
studies), are prone to limitations; therefore, it is a minimum require-
ment that sample size, population stratification, quality of genotyping,
and allele coverage, as well as correct genotype-phenotype assignment
are vigorously addressed. Thus, studies that are based solely on the
availability of samples are of little value.8 However, in agreement with
Simon et al,8 prospective clinical trials such as BIG 1-98 and ATAC for

CYP2D6 pharmacogenetic analyses1,2 and studies with determined
participant eligibility, sample size estimation, and marker cut point
specification, such as CYP2D6 phenotype definition as in Schroth et
al,9 should have the potential to provide evidence for (or against) the
value in clinical management. Notably, the ATAC2 and BIG 1-981

studies yielded results that did not confirm those of our previous
publication.9 To illustrate the crucial differences in study design and
quality control, the characteristics of the three studies1,2,9 are given in
Table 1. Among these, the study by Schroth et al9 included a large
percentage (45%) of genotypes derived from the germline (ie, DNA
extracted from peripheral blood lymphocytes), whereas the remaining
genotypes were derived from DNA extracted from formalin-fixed,
paraffin-embedded (FFPE) tumor specimens. We reanalyzed the lat-
ter for an estimation of the tumor and nontumor cell content per
sample (Table 1) to account for potential putative LOH, an issue that
will be discussed in more detail in this article. Because the effects of
CYP2D6 metabolism could alter the proportion of patients who ex-
perience recurrence and die, we did not include another large epide-
miologic breast cancer study6,10 that lacked recurrence end points and
did not provide detailed information on menopausal status.

The pharmacogenetic work-up of the ATAC study2 included
only patients from the United Kingdom, thereby limiting the analysis
to less than 19% of the original participating patients who were ran-
domly assigned to receive tamoxifen (588 of 3,116). This violates the
key recommendation of Simon et al8 that samples from at least two
thirds of the patients be available for biomarker studies. As expected,
when such a small proportion of the overall population is studied, the
clinical characteristics of the genotyped group differed significantly
(P � .005) in important clinical characteristics (eg, chemotherapy,
radiation therapy, hormone receptor status), both compared with
nongenotyped United Kingdom patients and patients in the rest of the
world. Previously, sample size estimation by Schroth et al9 revealed
that more than 1,200 patients in ATAC would be required to detect a
hazard ratio of 1.85 between CYP2D6 poor metabolizer (PM) and
extensive metabolizer (EM), with 90% power as originally described
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by Goetz et al,11 on the basis of the consideration of CYP2D6 variants
accessible in archived material. Taken together, the population in
the ATAC study by Rae et al2 was not representative of the entire
study, lacked sufficient power, and like the BIG 1-98 study (see
What Is Important in the Prediction of Phenotypes Derived From
Genotypes? section) showed significant deviation from HWE,5

thereby not meeting the standards proposed by Simon et al8 for a
proper prospective-retrospective study.

What Is Important in the Prediction of Phenotypes

Derived From Genotypes?

More than 100 germline polymorphisms, including 20 PM alleles
with variable prevalence in different ethnicities, predict the enzymatic
function of CYP2D6 (phenotype), as indicated by the Human Cyto-
chrome P450 (CYP) Allele Nomenclature Database12 and the
PharmGKB database.13 It follows that an accurate assessment of en-
doxifen exposure requires an accurate assessment of CYP2D6 pheno-
type on the basis of comprehensive genotyping of impaired-function
alleles. Because the CYP2D6 phenotype results from germline predis-
position, it must be assessed from DNA that is derived from normal
cells such as peripheral blood lymphocytes or from DNA that is de-
rived from normal epithelium contained in surgical specimens. The
BIG 1-98 study,1 on the basis of 48% of the original patients who
received tamoxifen, showed inconsistencies at the level of allele fre-
quencies for the most prevalent CYP2D6*4 variant. Given their ob-
served *4 allele frequency (q � 0.188) within patients who were
treated with tamoxifen and no chemotherapy,1 one would expect
30.5% of heterozygous *4 patients, but the reported frequency is
19.7%. Although moderate deviations from theoretical expectation
may occur, this strong allelic imbalance (P � 2.5 � 10�92)5 raises
concerns with respect to the DNA source and CYP2D6 genotyping
accuracy. Similarly, the ATAC study demonstrated violations of HWE
for the most important CYP2D6 allele *4 (Table 1) evident from the
supplementary information2 and stressed by Stanton in his corre-
spondence5 in Journal of the National Cancer Institute. As pointed out,4

somatic deletion at CYP2D6 chromosomal locus 22q13 is well estab-
lished in breast cancer.14,15 Recently, 22q LOH events have been con-
firmed by single nucleotide polymorphism arrays for estrogen
receptor (ER) –positive breast cancer at a frequency of greater than
25%.16 Thus, given the isolation of BIG 1-98 and ATAC DNA from
tumor cores that were originally intended for tumor biomarker stud-
ies, it can be inferred that these contained insufficient numbers of
normal epithelial cells for the detection of germline genotypes, as
evident from the strong deficiency of patients who were CYP2D6*4
heterozygous, particularly in the BIG 1-98 study. Notably, in a
follow-up analysis of our previously reported CYP2D6-tamoxifen
outcome association study,9 we compared allelic frequencies of DNA
samples extracted from tumor (n � 517) and blood (n � 586) and
observed a modest HWE deviation restricted to tumors (Table 1). The
average nontumor cell content was 51% per tissue section, from which
we conclude that our genotyping of FFPE tumor tissue was not pro-
foundly biased by tumor LOH. In their rebuttals to the Journal of the
National Cancer Institute letters,4,5 Rae et al17 and Regan et al18 sug-
gested the lack of CYP2D6*5 genotyping data as possible reasons for
their observed HWE departure of *4 genotypes; however, this is ex-
tremely unlikely because their reported frequency of *4/*4 homozy-
gotes by far exceeds the number of expected *4/*5 compound
heterozygotes (0.6%), and the excess number of homozygotes1 far

outweighs the proportion of expected *5 carriers (3%), as determined
from germline AmpliChip (Roche Diagnostics, Pleasanton, CA)
genotyping of patients of European descent.19

Limited genotyping of the multiple CYP2D6 alleles is a major
cause of phenotype misclassification.19 Given that the DNA source in
most retrospective studies is usually archival tissue with its inherent
limitations, all previous studies have been challenged by the trade-off
between sample size and allele coverage.20,21 On the basis of a hazard
ratio of 1.5 (recalculated from a CYP2D6*4 PM prediction19), 3,258 to
7,133 patients are required to detect the risk with 90% power. In
contrast, reanalysis of the same cohort (subgroup with blood-derived
DNA) by comprehensive CYP2D6 allele coverage revealed a hazard
ratio of 2.8,19 indicating that fewer than 860 patients are required to
detect the PM-associated risk with 90% power. The dependency of
CYP2D6 phenotype stratification from the number of variant alleles is
shown in Figure A1 (online only). On the basis of a population of
patients treated with tamoxifen (N � 492) with available AmpliChip
data,19 it is evident that limited allele coverage (eg, *4 alone) can
obscure clinical effects (Figs A1A and A1B). Notably, the recurrence
frequencies of EM (14.5%) and PM (14.8%) patients are almost iden-
tical on the basis of the phenotype definition limited to CYP2D6*4;
however, PM phenotypes show substantially higher recurrence rates
(24.4%) when assessed from comprehensive AmpliChip genotyping
(Fig A1C). We simulated the consequences of incomplete allele cov-
erage by evaluating only those alleles that it is technically feasible to
genotype from FFPE tissue versus a comprehensive approach that is
standard using blood-derived DNA. This procedure results in sub-
stantial misclassification of the CYP2D6 phenotype, resulting in a
smaller proportion of intermediate metabolizer at the expense of EM
phenotypes.19 We therefore suspect that both BIG 1-98 and ATAC
misclassified a large fraction of CYP2D6 phenotypes as a result of
genotypes mistakenly obtained from the tumor and not the host. This
is most evident in BIG 1-98, in which 62.7% of patients were classified
as EM1 compared with an expected EM rate of 37.2% when deter-
mined in a similar population of patients with European descent using
comprehensive (AmpliChip) genotyping of blood-derived DNA.19 It
follows that comprehensive CYP2D6 genotyping using blood-derived
DNA is mandatory for accurate phenotype assignment.

What Is the Pharmacologic Evidence That Tamoxifen

Is a Prodrug and Endoxifen Is the Active Metabolite?

The available knowledge indicates that tamoxifen is a prodrug
and that 4-hydroxy- tamoxifen (4-OH-tamoxifen) and endoxifen are
the active metabolites.21-23 Endoxifen concentrations in CYP2D6 PM
are up to 10-fold lower than CYP2D6 EM, and 4-OH-tamoxifen
concentrations are even lower. However, the contribution of the
hydroxyl-metabolites to tamoxifen’s efficacy has been questioned in
that the concentrations of tamoxifen and N-desmethyl-tamoxifen
would saturate the ER by greater than 99.9%, thereby rendering the
concentrations of hydroxyl-metabolites irrelevant.1,24,25 To counter
this argument, an in vitro model was developed to simultaneously
expose ER-positive breast cancer cells to fixed concentrations of ta-
moxifen and N-desmethyl-tamoxifen designed to saturate the ER,
while varying only the concentrations of endoxifen. In this model,
endoxifen effects on transcription and proliferation were concentra-
tion dependent, with minimal effects at low (� 20 nmol/L) concen-
trations (as in PM) but significantly greater effects at higher
concentrations (40 to 60 nmol/L, as in intermediate metabolizer and

Brauch et al
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EM).26 These data contradict the ER saturation argument and support
the previous data that demonstrates that the hydroxylated metabolites
exhibit a 40-fold– to 100-fold–higher affinity for the ER compared
with tamoxifen27 (the ER-dissociation constant of tamoxifen is 4.5
nmol/L compared with 0.15 nmol/L for 4-OH tamoxifen28). Finally, it
should be noted that ER occupancy calculation is based on total
metabolite concentrations, not taking into account the high protein
binding of tamoxifen of more than 99%.29 No protein binding data
are available for endoxifen; therefore, the effects of protein-bound
versus free metabolites at the ER are unknown.

Despite the extensive variability in the concentrations of tamox-
ifen and its metabolites, the optimal dose of tamoxifen is unknown. A
presurgical window study evaluating three different doses of tamox-
ifen (1 mg, 5 mg, and 20 mg per day) demonstrated that dose did not
significantly alter proliferation (Ki-67); however, dose dependency
was observed with regard to ER targets such as insulin-like growth
factor-1, with significantly greater reductions in plasma insulin-like
growth factor-1 with increasing dose.30 The question of tamoxifen
dose is therefore critical, given that recent prospective studies have
demonstrated that increasing the dose of tamoxifen from 20 mg to 40
mg per day significantly increased endoxifen concentrations in PM
but not EM.31 Finally, multiple studies evaluating novel formulations
of endoxifen are ongoing, including a National Cancer Institute–
sponsored study (Z-Endoxifen Hydrochloride in Treating Patients
with Metastatic or Locally Recurrent Estrogen Receptor–Positive
Breast Cancer) that is designed to bypass the limitations of cyto-
chrome P450 metabolism through the direct administration of a novel
formulation of endoxifen (endoxifen hydrochloride).

How Predictive Is the CYP2D6 Genotype for Endoxifen

and 4-OH Tamoxifen Levels?

Clinical studies showed a strong CYP2D6 gene– dose effect
(Ptrend � 10�16) with endoxifen concentrations highest in patients
with ultrarapid metabolizer (77 nmol/L) and EM (36.9 nmol/L)
but lowest in PM (9.9 nmol/L) phenotypes.32 These plasma con-
centrations refer to the (Z) isomer of the 4-hydroxymetabolite.
Because another isomer, (Z)-4�-hydroxymetabolite, is inversely
correlated with the number of CYP2D6 functional alleles,33

the separation of active (antiestrogenic) from nonactive stereoiso-
mers is critical for the accurate prediction of endoxifen by
CYP2D6 polymorphism.

CYP2D6 efficacy can be modulated by strong inhibitors given as
comedication for the relief of tamoxifen-induced postmenopausal
symptoms.34 However, other cytochrome P450 enzymes are involved
in the formation of endoxifen, as demonstrated by our observation
that polymorphic CYP2C9 contributes to the formation of 4-OH-
tamoxifen, which is the source for 20% to 30% of total endoxifen.32,35

Synopsis

In essence, our commentary addresses the pitfalls of retro-
spective pharmacogenetic research, which, in the case of the
CYP2D6-tamoxifen relationship, has produced conflicting results
that have caused a delay in resolution of a clinical management
question that affects two thirds of women who are diagnosed with
breast cancer. This underscores the need to consult existing phar-
macokinetic/dynamic/genetic studies that provide critical infor-
mation on the pharmacology of the drug under investigation
before large pharmacogenetic studies are conducted, a position

that has been previously expressed.36 Given that alternatives to ta-
moxifen exist, the failure to resolve this question is particularly egre-
gious in that the potential exists to deny women effective endocrine
therapy. Given the inability of the published prospective-retrospective
studies to resolve this issue to date, we conclude that a properly
conducted prospective trial in the adjuvant setting is necessary to
provide a definitive answer. However, we disagree with the comments
of Rae et al17 and Regan et al18 that ongoing prospective clinical trials
conducted in the metastatic setting (Eastern Cooperative Oncology
Group E3108 [Tamoxifen Citrate in Treating Patients With Meta-
static or Recurrent Breast Cancer] and European CYPTAMBRUT-2
[An Observational Study to Assess Response to Tamoxifen]) will
provide an answer to the so-called CYP2D6 adjuvant question. This
relates not only to their study design of enrolling patients with meta-
static/advanced cancer, but the fact that patients with hormonally
insensitive disease (aromatase-inhibitor refractory) are eligible for
ECOG E3108, a population substantially different than that in the
adjuvant setting. Therefore, until prospective, adjuvant trial data are
available, it is our opinion that the current evidence is sufficient to
accept the CYP2D6-tamoxifen pharmacogenetic relationship in post-
menopausal women. However, it is clear that other host and tumor
factors, besides CYP2D6, contribute to tamoxifen response/resistance.
Researchers and clinicians should be encouraged to rigorously scruti-
nize the available pharmacogenetic, pharmacokinetic, and pharmaco-
dynamic evidence to avoid drawing conclusions on the basis of
potentially inaccurate data that could lead to the termination of re-
search into a potentially promising biomarker.
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GLOSSARY TERMS

CYP2D6: Cytochrome P450 2D6 is an isozyme of the cytochrome
P-450 mixed-function oxidase system involved in the metabolism of
xenobiotics including drugs. Several clinical important drugs are sub-
strates for CYP2D6 including ß-blocker, anti-arrhythmics and anti-
depressant drugs, codeine as well as tamoxifen.

Extensive metabolizer (EM): metabolic phenotype related to
drug metabolizing enzymes which results in a normal metabolic ratio of
a probe drug.

Genotype-phenotype correlation: the relationship between the
presence of an individual genotype and the resulting physical trait e.g.
biochemical reaction, morphology, behavior, pattern of abnormalities,
drug response, etc.

Hardy-Weinberg equilibrium: A state in which genotype fre-
quencies and ratios remain constant from generation to generation and
in which genotype frequencies are a product of allele frequencies. A ran-
domly mating population tends toward a Hardy- Weinberg equilibrium
state if there are no mutations, migrations, or environmental factors
favoring particular genotypes.

LOH (loss of heterozygosity): A situation where one chromosome has a
normal allele of a gene and one chromosome has a mutant or deleted allele.

Pharmacogenetics: A branch of pharmacology dedicated to under-
standing the hereditary basis for drug responses that are idiosyncratic in
nature. Although inborn errors of metabolism also have a genetic basis,
pharmocogenetic disorders may never manifest if the drug is never in-
troduced in the host.

Polymorphism: Genetic polymorphisms are natural variations in
the genomic DNA sequence present in greater than 1% of the popula-
tion, with SNP representing DNA variations in a single nucleotide. SNPs
are being widely used to better understand disease processes, thereby
paving the way for genetic-based diagnostics and therapeutics.

Poor metabolizer (PM): metabolic phenotype related to drug
metabolizing enzymes which results in a slower metabolic ratio of a
probe drug compared with an extensive metabolizer.

Prodrug: a drug that is given in an inactive form, and is bioactivated
to a pharmacological drug by one or more metabolic processes.
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