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Abstract

The philosophy behind personalized medicine is that each patient has a unique biologic profile
that should guide the choice of therapy, resulting in an improved treatment outcome, ideally with
reduced toxicity. Thus, there has been increasing interest in identifying genetic variations that are
predictive of a drug’s efficacy or toxicity. Although it is one of the most effective drugs for
treating breast cancer, tamoxifen is not effective in all estrogen receptor (ER)-positive breast
cancer patients, and it is frequently associated with side effects, such as hot flashes. Relative
resistance to tamoxifen treatment may be a result, in part, from impaired drug activation by
cytochrome P450 2D6 (CYP2D6). Indeed, recent studies have identified allelic variations in
CYP2D6 to be an important determinant of tamoxifen’s activity (and toxicity). This article will
summarize the current information regarding the influence of the major genotypes and CYP2D6
inhibitors on tamoxifen metabolism, with a focus on its clinical utility and the current level of
evidence for CYP2D6 genotyping of patients who are candidates for tamoxifen treatment.

The philosophy behind personalized medicine is that every patient has a unique biologic
profile that should guide the choice of therapy, resulting in an improved treatment outcome,
ideally with less treatment-related toxicity. In this regard, the presence or absence of
estrogen receptor (ER) has been one of the oldest examples of how a biologic marker can
guide therapy in patients with breast cancer. The development of the first targeted therapy
for breast cancer, namely, the selective ER modulator tamoxifen, was in the forefront of
personalized medicine in the late 1970s.1 Since then, tamoxifen has been the most effective
and available therapy for the treatment of ER-positive breast cancer, being used in the
neoadjuvant, adjuvant, and palliative settings, as well as more recently in the
chemoprevention of ER-positive breast cancer. Using tamoxifen as an adjuvant therapy for 5
years after surgery almost halves the annual recurrence rate and reduces the breast cancer
mortality rate by one third in both pre- and postmenopausal women with ER-positive breast
cancer.2

More recently, advances in large genome-scale sequencing, including greater availability of
less costly methods, and improvements in bioinformatic tools have led to significant
developments in the fields of pharmacogenetics and pharmacogenomics.3 With the goal of
improving the risk/benefit profile of pharmaceuticals based on an individual’s genotype,
there has been an increasing interest in identifying genetic variations that are predictive of a
drug’s efficacy or toxicity. Although it is one of the most effective drugs for treating breast
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cancer, tamoxifen is not effective in all ER-positive breast cancer patients, and it is
frequently associated with side effects, such as hot flashes. Several culprits have been
related to tamoxifen resistance, and identifying tumor and host characteristics remains the
main challenge to effective treatment with tamoxifen. Estrogen hypersensitivity associated
with increased transcriptional activity of ER, estrogen super-sensitivity, and estrogen
independence, among others, are important tumor factors. Impaired drug activation by
cytochrome P450 2D6 (CYP2D6) is an important host factor that also has been associated
with tamoxifen resistance. Indeed, studies have identified allelic variations in CYP2D6 to be
an important determinant of tamoxifen’s activity (and toxicity). Evidence obtained over the
past few years suggests that CYP2D6 genotype is associated with the production of the
tamoxifen active metabolite endoxifen, which in turn may relate to clinical efficacy. In
practice, women who are poor metabolizers (ie, poor activators) of tamoxifen may be
inadequately exposed to endoxifen, and thus may be better served by being placed on an
aromatase inhibitor (Al). Conversely, women who are extensive metabolizers may have
more endoxifen exposure and better outcomes, potentially at the expense of more adverse
events. Among the common adverse effects of tamoxifen are hot flashes, which are
frequently treated with antidepressants. Some drugs in this class also are metabolized by
CYP2D6 and thus the potential exists for significant drug interactions to occur. By
associating genetic variations in the CYP2D6 gene with the extent of individual drug
metabolism, thus predicting who is more likely to benefit from tamoxifen therapy and/or
experience side effects, CYP2D6 genotyping holds the promise of again placing tamoxifen
in the forefront of personalized medicine.

Recently, the Pharmaceutical Science Clinical Pharmacology Subcommittee of the US Food
and Drug Administration (FDA) recommended including information on CYP2D6
genotypes and their potential effect on patient outcomes in the label for tamoxifen, but a
consensus on whether genotyping should be required or considered optional was not
reached. This article will summarize the current translational and clinical data regarding the
influence of the major CYP2D6 genotypes and inhibitors on tamoxifen metabolism, with a
focus on the clinical utility and the current level of evidence for CYP2D6 genotyping.

TAMOXIFEN METABOLISM

Tamoxifen is a classic pro-drug. With a weak ER affinity itself, tamoxifen requires
metabolic conversion to its active metabolites, endoxifen and 4-hydroxy-tamoxifen (4-OH-
TAM), to exert its anti-tumor effects. Several cytochrome P450 isoforms play a role in
tamoxifen biotransformation. CYP3A4 and CYP3AG5 are the major enzymes responsible for
N-demethylation, whereas 4-hydroxylation is predominantly mediated by CYP2D6.4-7
Once tamoxifen is absorbed, CYP3AA4/5 converts it to N-desmethyl-tamoxifen, a weak anti-
estrogen that is quantitatively the most abundant tamoxifen metabolite in the plasma,
accounting for 92% of primary tamoxifen oxidation.8

N-desmethyl-tamoxifen is subsequently converted to 4-hydroxy-N-desmethyl-tamoxifen
(endoxifen) by CYP2D6. CYP2D6 also is involved in the primary metabolism, converting
tamoxifen to 4-OH-TAM, which is then converted by CYP3A4/5 to endoxifen. The anti-
estrogen activities of endoxifen and 4-hydroxytamoxifen are similar in terms of their
binding affinities to ERa and ERp, suppression of ER-dependent proliferation of breast
cancer cells, and modulation of ER-mediated global gene expression.9-11 Furthermore, they
both have at least a 10-fold higher affinity12 and are 30-to 100-fold more potent blockers of
ER than tamoxifen. However, endoxifen reaches higher plasma concentrations than 4-OH-
TAM, and it has been shown recently that patients on chronic tamoxifen therapy have a
sixfold to 12-fold higher concentration of endoxifen than 4-OH-TAM,11,13 providing
strong evidence that endoxifen is likely the most important active tamoxifen metabolite.

Semin Oncol. Author manuscript; available in PMC 2013 September 10.
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As shown in Figure 1, CYP2D6 is the leading enzyme involved in endoxifen production,
participating in the primary and secondary phases of tamoxifen metabolism. It is also an
important phase 1 drug-metabolizing enzyme involved in the processing of a myriad of other
substrates that range from S-blockers to antidepressants, including drugs to treat depression
and hot flashes that are commonly used by patients with breast cancer.

Natural genetic variation in alleles for CYP2D6 can lead to more or less active enzymatic
function, with implications for drug—drug as well as in tumor—drug interactions. More than
100 genetic variants of CYP2D6 have been described (available at www.cypalleles.ki.se/
cyp2d6.htm) and can be classified as nonfunctional alleles, reduced function alleles, and
wild-type alleles, the latter with a normal enzymatic activity. Based on allele combinations
and metabolic ratio (concentration of unchanged drug/concentration drug metabolite),
patients can be classified as poor metabolizers (PM), intermediate metabolizers (IM), normal
or extensive metabolizers (EM), and ultrarapid metabolizers (UM). Intuitively, patients who
are homozygous for inactive alleles are PM; those who are heterozygous are mainly 1M, and
those homozygous for wild-type alleles are EM. Those carrying more than two CYP2D6
copies in their genome are UM.

The most important null alleles responsible for a PM phenotype are CYP2D6*4 (splice
defect) and CYP2D6*5 (gene deletion), whereas the most common alleles with severely
reduced activity are CYP2D6*10 and CYP2D6*17, found in IM patients. The CYP2D6
alleles also are subject to significant interethnic differences, as shown in Table 1 by
CYP2D6 haplotype frequencies in geographically defined groups of populations.14
Furthermore, CYP2D6*4 is most prevalent in Caucasians, and 5% to 10% of Caucasians are
PM,15 whereas less than 1% of East Asians are PM. Conversely, CYP2D6*10 is common in
East Asians, and the IM phenotype is common in Asia,14 while only 10% to 15% of
Caucasians are IM. The UM carry gene duplications of functional alleles, which leads to
higher CYP2D6 enzymatic activity, with relatively low frequency observed in Caucasians
and Asians, but being the second most common group of metabolizers in North Africa, the
Middle East, and Oceania.14 This heterogeneity underscores the need to analyze
comprehensively all relevant genetic variants, including common PM alleles (*3, *4, and
*5), and IM alleles, depending on the patient’s ethnicity.

F CYP2D6 GENOTYPE ON TAMOXIFEN EFFICACY AND PATIENT

OUTCOMES

The clinical validity of a test can be established when the test actually identifies a biologic
difference that may or may not be clinically useful. In the CYP2D6 genotyping case, this
can be translated to whether there is association of CYP2D6 genotype with the plasma levels
of active tamoxifen metabolites (ie, endoxifen), and association of in vivo endoxifen levels
with clinical outcomes. Jin et al16 measured the tamoxifen and endoxifen concentrations in
plasma following initiation of adjuvant tamoxifen therapy. After 4 months of therapy,
patients who were homozygous for the *4/*4 genotype (PM) had mean endoxifen
concentrations between fourfold and twofold lower than patients who were EM and IM,
respectively, suggesting a gene—dose effect. The association between endoxifen levels and
patient outcomes is yet to be fully determined.

Several studies have been conducted to investigate the impact of the CYP2D6 genotypes and
phenotypes on outcomes for breast cancer patients on tamoxifen. The underlying hypothesis
is that given endoxifen’s high anti-estrogen activity and the influence of CYP2D6 activity
on endoxifen levels, women with a reduced CYP2D6 activity (and thus decreased endoxifen
levels) would have worse outcomes.
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The first evidence of a relationship between CYP2D6 variants and treatment response was
reported by the collaboration of investigators from the Consortium of Breast Cancer
Pharmacogenetics (COBRA) and the North Central Cancer Treatment Group (NCCTG)/
Mayo Clinic.17 CYP2D6 genotype was determined by extraction of DNA from paraffin
archival tissue from postmenopausal women randomly assigned to 5-year adjuvant
tamoxifen (20 mg/d), without chemotherapy in a prospective phase Il trial that included
mainly European descendant women. Of the 190 patients for whom analysis of the most
common allele associated with the CYP2D6 PM phenotype, CYP2D6 *4, was possible, 137
(72.1%) had wt/wt, 40 (21.1%) wt/*4, and 13 (6.8%) *4/*4 genotype. In multivariate
analysis, women who were homozygous for this nonfunctional allele (*4/*4) tended to have
shorter relapse-free times (hazard ratio [HR] 1.85, = .176) and worse relapse-free survival
(HR 1.86, £=.089) than heterozygous women (*4/wt) or women without this allele (wt/wt).
These findings were confirmed in a further study with the same group of patients, where the
concomitant prescription of CYP2D6 inhibitors was an independent predictor of worse
outcome.18,19

This study population was further expanded and analyzed in combination with a German
breast cancer cohort. With a longer median follow-up of 6.3 years, and expansion of the
genotyping to include the non-functional alleles *3, *4, and *5, and the reduced function
alleles *10 and *41, a total of 1,325 patients (95.4% postmenopausal), who were treated
only with adjuvant tamoxifen for early-stage, hormone receptor—positive breast cancer, were
analyzed.20 Patient were classified as CYP2D6 EM (46% of patients), IM (heterozygous
EM/IM) (48%), or PM (6%). Patients with genotypes corresponding to EM achieved a
longer time to recurrence (P <.001), and better event-free survival (P <.003) and disease-free
survival (£ <.005) than those with reduced or absent CYP2D6 activity. Although the
recurrence rates at 9 years for patients with extensive, reduced, and absent enzyme activity
were 14.9%, 20.9%, and 29.0%, respectively, no differences in overall survival were
detected between groups. Similarly smaller trials in Asian populations,21-24 where the
reduced activity *10 allele is common, showed similar findings.

These results contrast to several published studies in which no association of CYP2D6
genotype and outcome after tamoxifen treatment was found. Nowell et al25 reported a
nonsignificant trend toward better overall survival (OS; HR 0.77; 95% confidence interval
[CI], 0.32-1.81) in a cohort of adjuvant tamoxifen-treated breast cancer patients with at least
one nonfunctional allele (*4), an opposite finding to what was previously expected.
Wegman et al26 reported a decrease in the number of recurrences in patients who were
treated with 40 mg/d of adjuvant tamoxifen for 2 years and carried the CYP2D6 *4/*4
genotype (odds ratio [OR] 0.28; 95% ClI, 0.11- 0.74; £=.0089).

The same investigators performed a larger retrospective tumor tissue analysis of 677
postmenopausal women treated with either 20 or 40 mg of adjuvant tamoxifen therapy for 2
or 5 years.27 Patients homozygous for CYP2D6*4 had a significantly better disease-free
survival compared to patients homozygous or heterozygous for the *1 allele (= .05 and P
= .04, respectively). However, this effect was not significant in a multivariate analysis (P=.
055). Similarly, Okishiro et al28 reported that among 173 Asian women receiving adjuvant
tamoxifen, reduced metabolism was not associated with recurrence-free survival. In the
largest report so far, preliminary data from the International Tamoxifen Phamacogenomics
Consortium,29 which included 2,880 patients from 12 different sites in the United States,
Europe, and Asia, demonstrated no association of CYP2D6 genotype with disease-free or
overall survival in women receiving adjuvant tamoxifen. However, a comprehensive
analysis was not performed since there was incomplete allele coverage, with some sites only
providing information on the *4 allele, and data on CYP2D6-inhibiting drugs were not
available in most of the patients. In addition, there was heterogeneity in dose and duration of
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tamoxifen treatment among the sites, with only 65% of the cohort receiving 20 mg/d for the
intended 5 years. In another study of 747 postmenopausal ER-positive patients who were
randomized to receive tamoxifen followed by exemestane after 2.5 to 3 years within the
Tamoxifen Exemestane Adjuvant Multinational (TEAM) trial, no association was found
between CYP2D6 phenotype (based on variants *3, *4, *6, *14, and *41 and concomitant
CYP2D6 inhibitor use)30 and disease-free survival. Patients were censored at the time of
switch to exemestane, and with a median follow-up of 2.5 years, only early relapses were
likely detected in this report. Most recently, two retrospective analyses of large prospective
trials, the Arimidex, Tamoxifen, Alone or in Combination (ATAC) trial, comparing
tamoxifen and anastrozole, and the Breast International Group (BIG) 1-98, comparing
tamoxifen and letrozole, have been reported. In the ATAC analysis, 588 of 3,116 women
(19%) who participated in the trial were genotyped and classified as PM, IM, and EM based
on a previously described CYP2D6 scoring system that assigns predicted allele activities
from 0 (no activity) to 2 (high activity).31 There was no associations between any of the
CYP2D6 scores and rates of recurrence in tamoxifen-treated patients (PM vEM, HR 1.06;
95% CI, 0.51-2.22, P=.873).32 Similarly, in the BIG 1-98 analysis, 1,243 postmenopausal
women were genotyped (48% of trial participants), and no difference was found among the
different metabolizers groups and breast cancer—free survival in the tamoxifen group (PM v
EM, HR 0.58; 95% CI, 0.28 —1.21, P=.35).33 A summary of all of these studies can be
found in Table 2.

As shown in Table 3, the inconsistencies and discrepancies among studies can be explained
by several factors, including selection bias, the inclusion of ineligible person-time bias,34
uncontrolled confounders, and misclassification of patients. For example, the retrospective
cohort design of most of the trials may have biased towards survivor patients by selecting
through availability of tumor samples. Also, uncontrolled confounders, such as patient
adherence and duration of tamoxifen therapy, use of chemotherapeutic agents before or after
tamoxifen, prognostic factors, or the concomitant use of CYP2D6 inhibitors, have not been
accounted for comprehensively in any of the studies. Notably, Lash et al recently argued that
uncontrolled confounders are unlikely to explain the large heterogeneity in the studies.35

CYP2D6 INHIBITORS

Some selective serotonin reuptake inhibitors (SSRIs), such as fluoxetine and paroxetine, and
selective noradrenaline-dopamine reuptake inhibitors, such as bupropion, are strong
CYP2D6 inhibitors, and are commonly administered with tamoxifen to treat depression or
alleviate hot flashes, common and undesirable side effects of tamoxifen.36 The effect of
CYP2D6 inhibitors was first evaluated in a pilot pharmacokinetic study of 12 women with
breast cancer who were taking adjuvant tamoxifen.11 The coadministration of paroxetine
was associated with a 56% reduction in plasma levels of endoxifen. In a follow-up study
including 80 newly diagnosed patients receiving tamoxifen, the coadministration of
fluoxetine and/or paroxetine could convert a CYP2D6 EM/EM genotype to a phenotypic
PM, as shown by reductions in endoxifen to a PM level.16 Further studies, with conflicting
results, have addressed the impact of inhibitor coprescription on tamoxifen-associated
outcomes. Using a case control design, one study reported 28 patients without recurrences of
breast cancer (controls) matched to an equal number of cases (recurrences), by cancer stage
and year of diagnosis.37 No significant difference was found for CYP2D6 inhibitor or
substrate exposure between cases and controls. A follow-up study using a registry database
covering all pharmacies in Denmark also reported no association between breast cancer
recurrence and 15 different medications.38 The impact of CYP2D6 inhibition in a large
sample of 1,962 stage I-111 breast cancer patients, among whom 150 (7.6%) used a moderate
or strong inhibitor during tamoxifen treatment, also was reported.39 In this study, patients
on an inhibitor had the same event-free survival (distant metastases, locoregional
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recurrences, and second primary breast cancers) as patients who were not taking an
inhibitor. The three negative studies were retrospective in nature and had several limitations,
including a relatively small number of patients on inhibitors, and no control for confounding
factors.

Two other studies provided different results and suggested a significant drug interaction
between tamoxifen and CYP2D6 inhibitors. In a population-based registry study that
included 2,430 women treated with tamoxifen and a single SSRI in Ontario, Canada,
paroxetine was found to increase the risk of death from breast cancer.40 In contrast, other
SSRI antidepressants, including fluoxetine, which is also a strong CYP2D6 inhibitor, were
not associated with an increased risk. The investigators suggested that this was due to the
small number of women exposed to fluoxetine in the study. Finally, another retrospective
analysis of a US drug provider’s database evaluated 1,300 women who were prescribed
tamoxifen and followed for at least 2 years. At 2 years, the patients on a moderate to potent
CYP2D6 inhibitor had a significantly higher risk of breast cancer recurrence (13.9% v 7.5%;
P <.001) than women receiving tamoxifen alone.41

In practice, clinicians should be aware of drug interactions, and although no prospective
study has evaluated this important issue, strong CYP2D6 inhibitors should be avoided or
used for the shortest period of time and an alternative agent chosen, if feasible, in women
receiving tamoxifen.42 If treatment of hot flashes is considered, a SSRI such as citalopram
(weak inhibitor), or a serotonin—norepinephrine reuptake inhibitor, such as venlafaxine (not
an inhibitor), can be used as an alternative.16

RELEVANCE OF CYP2D6 GENOTYPING TO CLINICAL PRACTICE

Placing the data in context, evidence for clinical utility of a test is established when the
results of the test lead to a clinical decision that has been shown, with high level of evidence,
to improve patient outcomes: in this case, by showing that the use of CYP2D6 genotype to
select an endocrine therapy regimen improves recurrence and survival outcomes in women
with ER-positive breast cancer.

In the prevention setting, CYP2D6 genotyping data are very scarce. The two FDA-approved
agents, tamoxifen and raloxifen, have different profiles and, in theory, CYP2D6 genotyping
could be beneficial in the decision-making process and possibly increase the low
chemoprevention initiation rate of about 15% in high-risk women.43 While tamoxifen has
been shown to be slightly better in terms of breast cancer recurrence events, raloxifen has a
better toxicity profile.44,45 In this regard, an analysis of 47 women with breast cancer and
135 controls from the Italian Tamoxifen Trial46 suggested that women with a CYP2D6*4/
*4 genotype may be less likely to benefit from tamoxifen as a chemopreventive agent. Given
the small sample size and limited evidence in the chemopreventive setting, experts have not
recommended CYP2D6 genotyping in this setting.47

In the adjuvant setting, long-term data demonstrate that the use of tamoxifen reduces
recurrence and mortality by more than 30%. More recently, Als, such as anastrozole or
exemestane, have been proven to be effective or superior to tamoxifen in the
postmenopausal setting,48 but because of differing side effect profiles, tamoxifen remains
the treatment of choice for a large percentage of women. In the premenopausal adjuvant
setting, data are limited also because most of the trials assessing CYP2D6 excluded this
patient population. The lack of definitive evidence for alternatives to tamoxifen in the
premenopausal setting renders the test less useful in this setting. Pharmocogenomics studies
incorporated into larger trials evaluating the alternative treatments, such as the ongoing
Suppression of Ovarian Function Trial (SOFT),49 which investigates whether adding
ovarian suppression to tamoxifen or to Al provides superior reduction in risk of recurrence
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of early-stage premenopausal breast cancer compared with tamoxifen alone, and the
Tamoxifen and Exemestane Trial (TEXT),50 will provide further evidence in this regard.

In the postmenopausal setting, unlike in the premenopausal setting, Als are generally the
preferred agents, as they are more effective in preventing breast cancer recurrence in the first
2 years after surgery.48 However, tamoxifen is still widely used in Asia and in developing
countries. In this scenario, one can potentially harm the patient by offering tamoxifen
instead of Als to those PM patients unlikely to benefit from the drug. To corroborate this
hypothesis, in a modeling analysis that estimated 5-year progression-free survival rates for
PM, IM, and EM patients following treatment with Als versus tamoxifen in the BIG 1-98
and NCCTG studies, tamoxifen-treated EM patients had outcomes similar to genotypically
unselected patients treated with Als.51 However, given the conflicting results of the several
retrospective studies assessing postmenopausal women and the lack of prospective data,
there is still much controversy regarding whether CYP2D6 testing should be performed in
routine clinical practice. While the American Society of Clinical Oncology Clinical (ASCO)
Practice guideline,52 National Comprehensive Cancer Network (NCCN),53 and the St.
Gallen’s expert consensus54 do not endorse its routine use, some experts suggest that
CYP2D6 genotyping may be appropriate in selected cases, such as patients who are not
tolerating the Als55 or when there is a contraindication for Al therapy and tamoxifen is the
preferred alternative.56

In the metastatic setting, the only data come from a small prospective study of 21 pre- and
postmenopausal Korean patients with breast cancer who were taking tamoxifen.23 Patients
with reduced CYP2D6 functioning (IM/IM genotype), common in this ethnic group, had a
shorter time to disease progression than other patients. An Eastern Cooperative Oncology
Group (ECOG) phase Il prospective study correlating CYP2D6 activity in patients with
metastatic or recurrent breast cancer treated with tamoxifen with progression-free survival is
currently enrolling patients, and will provide further evidence in this regard (ECOG-E3108/
NCT01124695).

FUTURE DIRECTIONS

The clinical utility of CYP2D6 genotyping is an unfinished story and several questions and
venues for further research exist. For example, the overall correlation between CYP2D6
genotype and endoxifen levels is relatively poor and a wide interindividual variation exists
in steady-state levels of tamoxifen and its metabolites, not explained by genotype variations.
57 Also, the efficacy of tamoxifen is not thought to be dose-dependent as higher doses of
tamoxifen have not been associated with improved outcomes,12,58-60 and receptor binding
studies have suggested that tamoxifen metabolites may reach levels adequate for full
therapeutic effect irrespective of CYP2D6 genotype.35

In addition, by considering CYP2D6 genotyping the sole method of predicting response, we
are accepting the concept that a single metabolic enzyme on a single gene is completely
responsible for therapeutic outcome. Instead, pharmacogenetic variation in genes that do not
predict endoxifen levels but are involved in drug elimination and transport, such as ABCCZ,
SULTAIA, and UGT, also may impact tamoxifen response.21 Finally, genetic variants in
ERaand ERS genes may be associated with tamoxifen-induced lipid changes, further
contributing to interindividual variability to tamoxifen benefits.61,62

Ongoing trials are exploring the possibility of administering pure endoxifen, thereby
bypassing the need for CYP2D6 activation.63 Preclinical studies demonstrated high oral
bioavailability and substantially higher concentrations in comparison to a similar dose of
tamoxifen.64 If future endoxifen trials are positive, there will no longer be any need for
genotyping of CYP2D6 to guide tamoxifen treatment.

Semin Oncol. Author manuscript; available in PMC 2013 September 10.
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CONCLUSION

The quest for personalized medicine holds the promise of matching treatment to tumor, with
benefits measured in increased efficacy and less toxicity, and potentially lower costs.
Inconsistencies in the data across studies, as described previously, originate from selection,
information and data bias. Retrospective pharmacogenetic analyses of larger adjuvant
tamoxifen trials may shed some light on this topic, but due to the same intrinsic limitations
of retrospective analyses, they will likely not provide definitive evidence.

Finally, the financial and public health impacts of adopting CYP2D6 genotyping in practice
will be large. Given the added costs of genotyping and the lack of strong definitive evidence,
it just may not be conceivable to test all eligible breast cancer patients. The same argument
applies to choosing Als over tamoxifen based on CYP2D6 genotyping with the current level
of evidence, when tamoxifen is a cheaper drug with similar efficacy. In fact, a greater
challenge for patients and doctors is how to address the adherence and persistence to
adjuvant hormonal therapy, when the discontinuation rate is approximately 7% to 10% per
year for tamoxifen and Als,65-68 and even higher in socioeconomically disadvantaged
women.69 In this regard, although the barriers to adherence are many, patients with higher
out-of-pocket costs for the Als are more likely to be nonadherent,70 and advocating
switching to Als based on controversial data may not be beneficial to the patient.

Furthermore, while greater individualization of treatment should be further promoted,
current data do not support routine CYP2D6 genotyping in clinical practice. Data from
adequately powered randomized prospective trials, comparing outcomes of patients who had
their tamoxifen utilization based on comprehensive genotyping to those who did not, should
be the gold standard evidence in deciding whether or not CYP2D6 genotyping should be
adopted in routine practice.
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Figure 1.

Tamoxifen metabolism in the hepatic cell, where it is converted to its active metabolites, 4-
hydroxytamoxifen and endoxifen, mainly through CYP2D6. Phase 1l conjugation or
inactivation occurs via conjugation by sulfotransferases such as sulfotransferase1Al
(SULT1AL), or glucuronidation by the UDP-glucuronosyltransferases (UGT), including
UGT1A8, UGT1A10, UGT2B7, UGT2B15, and UGT2B17. In the tumor cells, tamoxifen
metabolites bind to estrogen receptors, and polymorphisms in their genes have also been
suggested to contribute to interindividual variability to tamoxifen benefits.

Semin Oncol. Author manuscript; available in PMC 2013 September 10.



Page 14

de Souza and Olopade

¥T°[2 19 ‘L UBUOISIS WY Y)B3H JOMN|] SIS OAN 4O Uoissiwiad yim pardepy

- - T T - € - - T - - - ZL eluesO
- € 1% LT 4 T - T v L - S¢ 13 1se3 9|ppIN
14 T 4 € 4" 14 - -9 € - 43 e BOLJV Uereyesqns
- 8¢ - 8 8 - - - € 4 8¢ el BV YLION
- T T 17 - 14 - - ¥ 8 - 6¢ €y RISV Yinos/[enusd
- T - [4 - 014 - -9 € - 91 T€ BISY 1seq
T T L L - € € T € AN 6¢ e adoung
- € 4 - T - I € - 0€ 09 BOLIBWY
CxPx Cxlx  CXTx  Tvx  LTx 0T« 6x 9x Gx Vx Ex  Cx Tx uoire|ndod
suomedldng paonpay [euonduNjuoN Jeuonoun

suone|ndod Uy ss|8lY 9azZdAD a1l 10 (%) ssrouanbaly
T9algel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Semin Oncol. Author manuscript; available in PMC 2013 September 10.



Page 15

de Souza and Olopade

[EAIAINS J8OUBD 1SL3IQ 8SI0M A d

S4d 8siom INI/INd

d11 8siom :A||

S43 pue S4Y 8sIoMm NI/INd

S4d pue J11 8SIoM 1 INd

S=Q U1 89UaJaIP Ou INI/INd

‘9]ed 9dualindal

Ul 9dualaj)ip ou IAIl/INd

$4Q 1 80uBJBHIP OU NI/

SO 10 S4Q ul 3dUBIHIP ON :INd

SO PuE S4Q Ul 8dULAKIP OU |

SHY Ul 80UBIBIP OU S IA||

Sy Ul 30UaJayIp ou :|Nd

S4Y 18neq {INd

3S11 90U81INJ31 1I3MO] N d

Sid Ut 30UBJaJIP OU NI/INd

SOA

ON

papnjoxa
a18M 4SS Bures siuaned

ON

uoniuyap dnoib ur papnjoul

ON

(wa1sAs Buli0as)
uoniuyap dnoib ur papnjoul
uoniuyap dnolb ur pspnjoul
ON
ON

PapNIIXa d1oMm
aunaxoJted Buixe) siualjed
uoniuyap dnolb ur papnjou]
ON

ON

ON

uoleINp usjixowe) ‘aby
ON
loMqgIyul asejewole Jo
asn Jold pue ‘says aseasip

10 ueblo ‘salis aseasip
10 Jaquinu ‘sniels ¥d/43 ‘eby

Snjels apou ‘azis Jown |

SnJels apou ‘azis Jown |

‘AdeJay [eao|
‘208l *19-1Y ‘zd3H ‘speibd
‘SnJels apou ‘azIs Jown

snye1s ¥d/43 ‘Adesayy Jueanlpy

VN

VN

191X ‘Zd3H ‘abess ‘az1s Jown |

Adesay) ueanlpy

snyels apoN

SnJels apou ‘azis Jown |

SnJels apou ‘azIs Jown) ‘aby/

snyels ¥d/y3 ‘aoed ‘abers ‘aby

g8

16

T¢

90¢

06T

£VC'T

885

JAZA

088'C

¥ST

€LT

STT

119

9.

91

VN

Jesnedouauwnisod pue -ald
weAnlpy

J1eISeIBN

Jesnedouauwnisod pue -ald
weAnlpy

Jesnedousauwiisod
JueAnlpy

Ansibal
|euoiBai—annoadsosley

Apnis 110Y0d aA110ads0119y

sjuaned uealoy Ul
Apnis 110403 aA130adso.d
Apnis 110Y0d aA110ads0119y

leLy aAnoadsoud
B JO M3IABI 3A0adS018Y

626002 ‘219 |fig
716002

‘[e 18 JeleD A uowey

€2.00Z ‘e 18 Wi

€1.002 ‘[e 18 Yl04yds

61'8TL00C ‘I8 18 71909

SIBZIJOqEIBW 9TZIA D PEINPSI 10§ SILIOIINO 3SI0M BUIISIBONS SSIPNIS

_mm:mno:mEumon_
weAnlpy

Jesnedousauwiisod
JueAnlpy

_mw:mno:mEHwon_
weAnlpy

Jesnedousauwnisod pue -ald
weAnlpy

Jesnedouswiisod pue -aid
JueAnlpy

Jesnedouswisod pue -aid
weAnlpy

Jesnedouauwisod pue -ald
weAnlpy

Jesnedousauwiisod
JueAnlpy

_mw:mno:mEHwon_
weAnlpy

Jesnedousaunisod pue -ald
weAnlpy

[ew aAnoadsoud
B JO M3IABI 3A103dS0119Y

leLy aAnoadsoud
B JO M3IABJ 3A10adS018Y

lew aAnoadsoud
B JO M3IAaI aA108ds0119Y

eISY pue adoin3 ul
Apnis 110Yo2 aA110ads0119y

syuaied asaueder ul
Apnis 110yod anoadsoay

syuaied asaueder ul
Apnis 110402 aA110ads0.119Y

SI8LBd /T O
10 Ansibai—annoadsoliay

Ansibal
leuoiBaJ aAoadsoliay

lew aAnoadsoud
B JO M3IA3I aA1108ds0119Y

Apnis 110Yod aA110adso19y

EE0TOZ ‘I8 19 SBUOL-puB|AaT]

ZE0TOC ‘[e 19 9y

0£0T0Z ‘[e 18 8husza@

626002 ‘e 18 23909

216002 ‘|e 18 eweko ]

82600¢ ‘Ie 18 0IYsO

T/8002 ‘[e 10 UeWMBN

/21002 ‘[e 18 uewBapn

925002 ‘|e 18 uewBap

GZS002 ‘[e 19 |IsMON

SALLIOIINO PUB SISZIJOGEIdW 9AZA D PEINPI UIIMISG UOIEII0SSE SAINSOA & pulf JOU PID JEY] SIS

(N3 01 pasedwiod) awoaINO

s10lqiyul 9azdAD
10} Jusunsnipy

Apms ay3 ut 104 pajfjo3u0d
s1010e4 Buipunojuo)

N

uone|ndod/Buines
aseasig

Apnis Jo adA L

Apms

Adesay] uajixowe| 03 asuodsay pue adA10uss) 9QzZdAD Usamiag uoleIdossy ayl Buienjeas sjeril Jo Arewwns

NIH-PA Author Manuscript

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Semin Oncol. Author manuscript; available in PMC 2013 September 10.



Page 16

de Souza and Olopade

*J0NqIyuI 3xeIdnal UILUO0]0IaS BAIIDBIS ‘|HSS ‘a]qe|IeAR 10U ‘N ‘101da2al auoislsaBold ‘Hd ‘101da0a) uabouise ‘Y3 ‘uoissa1B01d-01-an ‘d1 | ‘[eAIAINS 991)-JUBAS ‘'S4 ‘asde|al-01-awin ‘Y1 | ‘[eAIAINS
|[BIBAO ‘SO ‘[BAIAINS 3314-3SBASIP ‘'S4 ‘[eAIAINS 9843-U0ISSaIB0.d ‘SHd ‘[eAIAINS aly-asdejal ‘SHY ‘S1azZIjogeIaW SAISUBIXa ‘AT 'SI9Z1|0geIaw a1eIpawlaiul ‘INl| ‘sJazijogelsw 4ood ‘Nd :SUOIBIAIGAY

snyeys ¢H3H
‘snye1s yd/y3 ‘epesh Jesjonu

papn|oxa ‘snyejs apou ‘azIs Jowny [esnedousunsod pue -aid
S4Y aslom IA| a1aM 4SS Buiel siuaied ‘snyels Jesnedousw ‘efy  z8Z jueAnlpy  Apnis 10yod aandadsosey 22'T20T0Z ‘[e 18 1URI0AIY
JUBWI}INIOBI
aAI1103dsou1a1 ‘snyels Apnis
asnedousw ‘apelb [ea1bojolsiy |esnedouswiisod %56 110409 aAndadsoid
Sy 9sI0M Nd/INI ON ‘snjels apou ‘azis Jown]  GZe'T JueAn[py  awos ‘aA1adsoulss AjISON 026002 ‘Ie 38 Y104yds
snyels zy3H ‘snyels ¥d/ 43 Apms
‘A1abuns ‘Adeiayy Jueanlpe Jesnedouswiisod pue -aid 110409 aAndadsoid
S4Q asiom | ON ‘snjels apou ‘azis Jowny ‘aby  ZGT JueAn[py  awos ‘aA1adsoulss AjISON ¥28002 ‘e 18 NX
sJ10MqIyu] 9aZdAD Apnis 8y} ui 10} pajj043uod uoire|ndod/Buimss
(W3 01 pasedwod) swoaINO J0j uaunsnipy s10310e4 Bulpunojuod N aseas|g Apms jo adA 1 Apms

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Semin Oncol. Author manuscript; available in PMC 2013 September 10.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

de Souza and Olopade

Table 3

Limitations and Source of Heterogeneity in Studies

Retrospective nature of most studies, with
heterogeneous populations

Misclassification of patients’ hormonal status

Many studies are underpowered to detect a
significant difference

Not all relevant genetic variants and enzymes
included

Potential uncontrolled confounders in the
analysis: prognostic markers, CYP2D6-
inhibiting medications, tamoxifen adherence
and dose

Semin Oncol. Author manuscript; available in PMC 2013 September 10.

Page 17



