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Abstract

The identification of genetic polymorphisms that influence the efficacy and safety of therapies for
breast cancer may allow future treatments to be individualised based not only on tumour
characteristics but also on host genetics. Genetic factors that affect the metabolism, efficacy and
safety of tamoxifen, one of the most common drugs used for the treatment and prevention of
breast cancer, have received particular attention. Cytochrome P450 2D6 (CYP2D®6) is crucial in
the metabolism of tamoxifen to its active metabolite endoxifen. Women with genetic variants of
CYP2D6 or who take drugs that inhibit the enzyme have low endoxifen plasma concentrations and
may show reduced benefits to tamoxifen treatment. CYP2D6 polymorphisms and variants in other
candidate genes may also influence secondary benefits and side effects of tamoxifen. Here, we
summarise data suggesting that CYP2D6 status may be an important predictor of the benefits of
tamoxifen to an individual; in addition, we briefly discuss the role of variants in other candidate
genes. Whether CYP2D6 status should be determined prior to initiating tamoxifen therapy is
currently under debate and may be appropriate only for select women who are candidates for
tamoxifen alone but for whom alternative standard options are available.

Despite the increase in breast cancer prevalence in recent years, disease-specific mortality
has declined (Ref. 1). The improvement in survival is attributed both to early diagnosis and
to optimal local and systemic therapies (Ref. 2). Recommendations for adjuvant systemic
therapy are based on estimates of risk of subsequent recurrence for an individual as well as
her risk for treatment-related toxicity. However, individual women may not encounter the
same benefits from identical systemic therapies. Several tumour characteristics may predict
who may benefit from specific treatments but are imperfect. For example, expression of the
oestrogen (estrogen) receptor (ER) and/or progesterone receptor (PR) is essential for
response to hormonal interventions but only 50% of women with ER/PR-expressing tumours
will benefit from such therapies. Other specific or aggregate tumour characteristics may
predict response to hormonal intervention. Host characteristics (i.e. characteristics of normal
tissue of the individual rather than the tumour) also play an important role in predicting
response to specific agents or treatments but have not been extensively studied (Refs 3, 4).
The recent sequencing of the human genome and new high-throughput technologies have
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led to rapid advances in pharmacogenetics/pharmacogenomics — the study of the genetic
determinants of drug responses — and to a greater appreciation of the role that host factors
may play as predictors of drug response. If so, assessment of host factors prior to initiation
of some medical therapies may become standard practice.

Approximately 60-70% of women with a newly diagnosed breast cancer have tumours that
express ER or PR. In addition to the local treatment of their breast cancer, most of these
women will be recommended endocrine manipulations. Several adjuvant endocrine
treatments are currently available to postmenopausal women, including the selective ER
modulator (SERM) tamoxifen, which blocks oestrogen from binding to its receptor, and the
aromatase inhibitors, which block the production of oestrogen. The majority of
postmenopausal women may receive an aromatase inhibitor for 5 years, or tamoxifen for 2—
3 years followed by an aromatase inhibitor for a total of 5 years of hormone therapy (Ref. 5).
Other postmenopausal women may receive tamoxifen for 5 years with or without 5
additional years of an aromatase inhibitor. Premenopausal women with tumours that express
hormone receptors are usually recommended tamoxifen alone. Premenopausal women who
cannot take tamoxifen or those enrolled in clinical trials may be offered ovarian suppression
with an aromatase inhibitor (Ref. 6). Tamoxifen has been used for over three decades and its
benefits and side effects have been fairly well defined.

Tamoxifen metabolism

Recently, preclinical and clinical studies have clarified the metabolic pathway of tamoxifen
(Fig. 1). Tamoxifen itself has weak binding to ER and is considered a prodrug. It undergoes
extensive biotransformation catalysed by both phase 1 and phase 2 liver enzymes.
Tamoxifen is converted in vivo into potent anti-oestrogenic metabolites by several
cytochrome P450 (CYP450) enzymes including CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP3A4 and CYP3AS (Ref. 7). The active metabolites of tamoxifen are
metabolised further into inactive compounds by conjugation via phase 2 liver enzymes (Refs
8,9, 10).

Using in vitro drug metabolism models including human liver microsomes (HLMSs) and
expressed CYP450 isoforms, investigators have identified the primary and secondary
metabolic routes of tamoxifen and the role of each enzyme in catalysing these reactions at
therapeutically relevant concentrations (Ref. 7) (Fig. 1). The major primary metabolite
formed is N-desmethyl-tamoxifen, a weak antioestrogen, via CYP3A4/5. The potent
antioestrogen 4-hydroxy-tamoxifen is a minor primary metabolite whose formation is
catalysed by multiple CYP450s, including CYP2D6. Other minor primary metabolites
include a-, 3- and 4'-hydroxy-tamoxifen and an unidentified metabolite, formed by
CYP3A4, CYP3A5, CYP2B6/2C19 and CYP3A4, respectively. The primary metabolites
undergo further enzymatic conversion: N-desmethyl-tamoxifen is metabolised into a-
hydroxy-tamoxifen, N-didesmethly-tamoxifen, and 4-hydroxy-N-desmethyl-tamoxifen (the
latter also known as endoxifen); and 4-hydroxy-tamoxifen is converted to 3,4-dihydroxy-
tamoxifen and also endoxifen (Refs 11, 12). The formation of every secondary metabolite is
catalysed by CYP3A4/5. However, endoxifen is produced almost exclusively by CYP2D6
activity.

Although endoxifen was identified as a metabolite of tamoxifen almost two decades ago (at
the time designated BX) (Ref. 13), its biological and ER-related activity was not well
studied; 4-hydroxy-tamoxifen was considered the main active metabolite of tamoxifen, since
it has 100-fold higher affinity for ER than tamoxifen (Ref. 14). However, evaluation of the
anti-oestrogenic properties of endoxifen revealed that its affinity for the ER is equivalent to
that of oestrogen and 4-hydroxy-tamoxifen, and that it inhibits in vitro oestrogen-induced
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breast cancer growth and induces ER-regulated gene expression changes almost identically
to 4-hydroxy-tamoxifen (Refs 15, 16). Based on clinical data showing it is present at five- to
sevenfold higher concentrations than that of 4-hydroxy-tamoxifen in patients with wild-type
(wt) CYP2D6, endoxifen is now considered the most important metabolite of tamoxifen
(Refs 12, 15).

Interindividual variation in CYPD6 activity: implications for tamoxifen
metabolism

Each of the genes that encode for CYP450 enzymes implicated in tamoxifen metabolism has
known genetic polymorphisms that have been shown to affect their catalytic activity; for
example, single-nucleotide polymorphisms (SNPs) in CYP2C19 and CYP2D6 genes can
lead to complete lack of enzymatic activity by causing the formation of truncated inactive
proteins (Ref. 17). Genetic polymorphisms in genes encoding for CYP450 enzymes might
explain some of the clinical variability in the plasma concentrations of tamoxifen and its
metabolites. Given the importance of CYP2D6 in tamoxifen metabolism, variation in this
enzyme has received particular attention.

CYP2D6, which is expressed predominately in the liver, is responsible for the metabolism of
approximately 25% of drugs, including many beta-blockers, antidepressants, antipsychotics
and antiarrhythmics, as well as dextromethorphan, codeine and tamoxifen (Ref. 18). The
activity of CYP2D6 shows a very high degree of variability between individuals due to
several genetic polymorphisms that influence protein function (Refs 18, 19, 20).

Over 80 different CYP2D6 alleles have been identified and their frequencies vary among
ethnic groups (Ref. 20). The most common variant allele in Caucasians, the null allele
CYP2D6*4, has an allelic frequency of ~25%, whereas CYP2D6*10 is most common in
Asian populations (Ref. 18). Different designations can be ascribed to individual patients
based on their CYP2D6 genotype and thus genetic testing can be used to categorise patients
into one of four phenotypic groups (Table 1): poor metaboliser (PM), intermediate
metaboliser (IM), extensive metaboliser (EM) and ultrarapid metaboliser (UM). In
Caucasian and Western European populations, ~1-2% are UMs (carrying more than two
copies of CYP2D6 in their genome), ~70% are EMs (carrying two wt alleles), ~20% are IMs
(heterozygous for null or partial function alleles) and ~8% are PMs (homozygous for variant
alleles).

In addition to genetic factors that influence CYP2D6 activity, enzymatic activity can be
influenced by several common drugs. Paroxetine, fluoxetine and bupropion are strong
inhibitors; duloxetine, thioridazine, amiodarone, diphenhydramine and cimetidine are
moderate inhibitors (Ref. 21) (Table 2).

Initial prospective studies demonstrated that tamoxifen metabolism, and perhaps efficacy, is
greatly affected by lack of CYP2D6 as a result of polymorphisms or interactions with drugs
that inhibit the enzyme (Refs 12, 22, 23). However, these studies were not designed to
answer questions regarding long-term efficacy of tamoxifen use based on CYP2D6 status.
Several recent investigations have attempted to correlate CYP2D6 genotype with long-term
outcomes. Here we review studies reported to date suggesting that CYP2D6 may be an
important predictor of tamoxifen’s benefits. In addition, we briefly discuss the role of
variants in other candidate genes that may affect tamoxifen’s efficacy.
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Pharmacogenetic studies of tamoxifen metabolism

In the mid 1990s, emerging data suggested that selective serotonin-reuptake inhibitors
(SSRIs) or serotonin—noradrenergic-reuptake inhibitors (SNRIs) may alleviate hot flushes
(flashes) (Ref. 24). Because many breast cancer survivors taking tamoxifen suffer hot
flushes, nonhormonal remedies such as the SSRI paroxetine and the SNRI venlafaxine have
been commonly prescribed. However, many SSRIs are potent CYP2D6 inhibitors at
therapeutic concentrations (Ref. 15). A pilot study designed to evaluate the effects of
paroxetine on tamoxifen metabolite plasma concentrations showed that women on chronic
tamoxifen who had genetic variants in CYP2D6 or who were coprescribed paroxetine had
very low plasma concentrations of the active tamoxifen metabolite endoxifen (Ref. 12).

The Consortium On Breast Cancer Pharmacogenomics (COBRA) investigators initiated a
larger prospective clinical trial to confirm early results and to investigate other
pharmacogenetic effects of tamoxifen. This prospective trial included 300 women with a
primary breast cancer who started tamoxifen in the adjuvant setting or for prevention of a
new primary tumour in one of three academic centres. Baseline samples were collected to
evaluate candidate gene variants for their association with tamoxifen-related side effects and
secondary benefits. Additional samples were collected following 1, 4, 8 and 12 months of
treatment to determine tamoxifen and metabolite concentrations. The women completed hot-
flush diaries and quality of life questionnaires, and provided a complete medication list at
baseline and at several time points during the first year of tamoxifen therapy. An analysis of
the first 80 patients confirmed the pilot study results that women with one or two null
CYP2D6 alleles (IMs or PMs, respectively) had significantly lower endoxifen plasma
concentrations compared with women with normal CYP2D6 (EMs). In addition, women
with normal CYP2D6 who were taking concomitant medications that are known strong
inhibitors of CYP2D6 (e.g. paroxetine) had marked reductions in their endoxifen plasma
concentrations, similar to that seen in women with two null alleles (PMs) (Ref. 22). Women
prescribed moderate inhibitors of CYP2D6, such as duloxetine, had moderate reductions in
endoxifen plasma concentrations, while women who were administered a weak inhibitor,
such as venlafaxine or citalopram, had very little if any change in endoxifen concentrations.
These results have been further evaluated with a larger sample size of 130 women
genotyped for 27 genetic variants in CYP2D6 using a chip-based approach (Ref. 23).
Together, all available data show that the CYP2D6 activity of a patient is the major
determinant of plasma concentration of endoxifen.

Pharmacogenetic studies of tamoxifen efficacy

CYP2D6

The studies demonstrating the crucial role of CYP2D6 in converting tamoxifen to its active
metabolite endoxifen generated much interest and concern among clinical breast
oncologists, and attempts have been made to validate CYP2D6 genotype as a biomarker for
predicting tamoxifen response. Although most prospective trials of single-agent tamoxifen
did not include a collection of blood for DNA analysis, paraffin tumour blocks are often
available on a majority of participants. Indeed, DNA extraction from formalin-fixed,
paraffin-embedded archival tumour specimens, and analysis of genetic variant candidate
genes of interest is feasible (Ref. 25). Several investigators have evaluated genetic variants
in CYP2D6 and other genes important in tamoxifen metabolism and long-term outcomes of
tamoxifen-treated women. To date, there have been nine reports that included CYP2D6
variants among the genes tested for an association between genotype and benefit from
tamoxifen therapy (Table 3).
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In the first report, samples were collected from Caucasian postmenopausal women with
resected ER-positive breast cancer who were previously enrolled in the North Central
Cancer Treatment Group (NCCTG) randomised Phase 111 clinical trial designed to test the
value of adding 1 year of fluoxymesterone to 5 years of tamoxifen adjuvant therapy
(NCCTG 89-30-52). Difference in the long-term outcomes were not detected between the
two treatment arms (Ref. 26). Tumour blocks from initial breast surgery were analysed for
CYP2D6 genotype, and patient information regarding concomitant medication use was
extracted from medical records. Of the 256 women enrolled to the tamoxifen-only arm,
genotyping was successful from samples from 190 patients for CYP2D6*4, the most
common CYP2D6-null variant in Caucasians. The primary objectives of the study were to
determine the relationship between genotype and relapse-free time, disease-free survival and
overall survival. Women who were PMs with the CYP2D6*4/*4 genotype (n = 13) had
significantly worse recurrence-free time and disease-free survival but not overall survival
compared with IMs (*4/wt; n = 40) or EMs (wt/wt; n = 137) (log rank P = 0.030, P = 0.020
and P = 0.360, respectively) (Ref. 27) (Table 3). Cox proportional hazard modelling
demonstrated that nodal status and tumour size were significantly associated with
recurrence-free time, disease-free survival, and overall survival. Once nodal status and
tumour size were accounted for, PMs still had worse recurrence-free time and disease-free
survival compared with IMs and EMs.

A follow-up study by the same investigators considered coprescription of CYP2D6
inhibitors with CYP2D6 genotype to determine CYP2D6 activity. Indeed, CYP2D6 activity
was an independent predictor of breast cancer outcome in postmenopausal women receiving
tamoxifen (Ref. 28). The results of these studies were consistent with the hypothesis that
patients with CYP2D6-null variants will exhibit lower response to tamoxifen. However, the
study was limited by a small sample size, a homogeneous patient population, and
determination of a limited number of CYP2D6 alleles.

Swedish investigators reported a retrospective genetic association study in 112 women who
were prescribed adjuvant tamoxifen (Ref. 29). The authors compared the outcomes of
patients with at least one CYP2D6*4 allele who received tamoxifen versus no tamoxifen.
Contrary to the NCCTG study results, they found that patients with the CYP2D6*4 genotype
did significantly better than patients not treated with tamoxifen. However, of the 112 women
receiving tamoxifen, only 70% were ER-positive. The same group has recently published a
second retrospective study in a different and larger cohort of 677 tamoxifen-treated, ER-
positive, postmenopausal women. Of those, 238 women were included in one study in which
they were randomised to tamoxifen for 2 or 5 years (Ref. 30). The other 439 women
received either tamoxifen at 40 mg/day for 2 or 5 years (before 1994) or tamoxifen at 20 mg/
day (after 1994). The authors reported that patients homozygous for CYP2D6*4 had
significantly improved disease-free survival compared with patients with wild-type
CYP2D6. These results are consistent with a study conducted by Nowell et al. (Ref. 31)
using formalin-fixed, paraffin-embedded samples collected from a hospital tumour registry.
After adjusting for age, stage of disease, ethnicity and hormone receptor status, Cox
proportional hazard modelling suggested a trend towards better overall survival in patients
with CYP2D6*4 (Ref. 31). These results are contradictory to the NCCTG data and may be
explained in part by the nature of these latter studies. Most samples were collected
retrospectively from an existing database, the duration of treatment and dose of tamoxifen
were variable, women may have received chemotherapy, and hormone receptor status was
not tested centrally. While the authors did not collect information regarding CYP2D6
inhibitors, it is likely that at the time of collection only a few women were taking such
agents.
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A nonrandomised cohort study where women received either tamoxifen or no treatment in a
German cohort evaluated genes encoding for five different cytochrome enzymes, with a total
of sixteen different variants (Ref. 32). A total of 486 women were included: 206 were ER-
positive and received tamoxifen, and 280, who were either ER-positive or -negative,
received chemotherapy or no systemic therapy. Tamoxifen-treated women who were carriers
for a variant allele CYP2D6*4 were more likely to suffer recurrences and have shorter
relapse-free survival compared with women with functional alleles. Women with one or two
reduced-activity enzymes who were treated with tamoxifen had a worse breast cancer
recurrence-free survival [hazard ratio (HR) = 2.24; P = 0.02] and event-free survival (HR =
1.89; P = 0.02) compared with those who did not receive tamoxifen.

More recently, two Asian studies evaluated the role of CYP2D6*10 and tamoxifen-related
outcomes. Asian populations are less likely to carry CYP2D6*4 alleles but have a greater
likelihood of carrying the CYP2D6*10 alleles, which are associated with reduced enzyme
activity. The status of CYP2D6 and outcome was investigated in 202 patients who received
tamoxifen in a study from Korea. Of those, most women received the treatment in an
adjuvant setting but 12 women received the treatment for metastatic disease. In the
metastatic patients, 57% carried the *10 allele compared with 24% of women in the adjuvant
setting. However, it is not clear whether patients in the metastatic setting were previously
treated with tamoxifen. Patients who had two *10 alleles had a statistically significantly
lower concentration of the tamoxifen metabolites 4-hydroxy-tamoxifen and endoxifen
compared with patients who had one or two normal alleles (Ref. 33). In the second part of
the study the investigators included the 12 patients with metastatic breast cancer and nine
additional patients with metastatic breast cancer and reported that patients with two *10
alleles had a shorter time to progression compared with those with one allele. Finally, a
study of 67 women who received tamoxifen monotherapy in Japan revealed that those
homozygous for the CYP2D6*10 alleles had a higher incidence of recurrence (odds ratio =
16.63; P = 0.0057), compared with those with normal alleles (Ref. 34).

The influence of CYP2D6 variants on tamoxifen effects have also been examined in the
prevention setting. In a ‘letter to the editor’, Bonanni et al. reported a correlation of
CYP2D6*4 genotype in a nested case—control study derived from the Italian
Chemoprevention trial. The authors demonstrated that the frequency of the CYP2D6*4/*4
genotype was higher in 46 tamoxifen-treated women who developed breast cancer (cases)
than in 136 tamoxifen-treated women who did not develop breast cancer (controls) (Ref.
35). Although a relatively small study, these data provide a strong incentive to examine the
effect in larger datasets to establish more robustly the relationship between CYP2D6
genotype and outcomes in women treated with tamoxifen in the prevention setting.

Current status of CYP2D6 genotype and tamoxifen response—Taken together,
several retrospective analyses suggest that tamoxifen-treated women with CYP2D6-null
alleles have worse prognosis compared with those with one or two normal alleles, but data
are not consistent among trials. These preliminary studies suggest that CYP2D6 activity may
be an important factor determining long-term outcomes of women taking tamoxifen.
Information regarding the metabolism of tamoxifen was not available in the studies that
reported outcome data. All studies to date on the association between CYP2D6 genotype and
tamoxifen response have been limited by the small numbers of patients and small number of
CYP2D6 alleles examined. Indeed, none of the studies shown in Table 3 has conducted a
comprehensive CYP2D6 genotyping approach and therefore all may have been confounded
by misclassification of the true CYP2D6 phenotype of patients.

Recently, Blake et al. (Ref. 36) developed a method that takes into account all genetic
polymorphisms in CYP2D6 with significant frequency and uses this information to assign a
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CYP2D6 activity ‘score’ that is directly related to the ability of a patient to metabolise
CYP2D6-dependent drugs. The CYP2D6 activity score method has been validated as a
genotypic measure of phenotype (Ref. 37). Ideally, future prospective studies should include
a comprehensive analysis of CYP2D6 variants and other candidate genes and will utilise
novel scoring methods.

Additional genetic variants affecting tamoxifen metabolism

PMs have very low endoxifen plasma concentrations, while EMs have on average five- to
sevenfold higher endoxifen concentrations (Ref. 22). However, a great deal of variability in
endoxifen remains within the CYP2D6 EM group, suggesting that factors other than
CYP2D6 influence endoxifen plasma concentrations. Indeed, while production of endoxifen
is almost entirely dependent on CYP2D6, elimination of the metabolite from the plasma
requires other enzymes, including the phase 2 drug-metabolising enzymes sulphotransferase
isoform 1A1 (SULT1A1) and UDP-glucuronosyltransferase isoform 2B15. Therefore,
genetic variants in genes other than CYP2D6 could be responsible for variability in
endoxifen concentrations and affect benefit from tamoxifen therapy. Indeed, six of the nine
studies shown in Table 3 examined multiple gene variants, some of which correlated with
benefit from tamoxifen.

For example, Swedish investigators analysed the role of other gene variants and reported
that there was no prognostic significance for CYP3A5, SULT1A1 and UGT2B15 (Ref. 30).
However, for women who were prescribed 2 years of tamoxifen, those homozygous for
CYP3A5*3 were at increased risk of recurrence (HR = 2.84, 0.68-11.99; P = 0.15). By
contrast, women who received 5 years of tamoxifen and were homozygous for CYP3A5*3
had improved recurrence-free survival (HR = 0.20, 0.07-0.55, P = 0.002) (Ref. 30). In the
German cohort, patients with a CYP2C19*17 allele had a more favourable clinical outcome
than carriers of *1, *2 and *3 alleles (HR = 0.45; P = 0.03) (Ref. 32).

Genetic variation affecting tamoxifen secondary benefits and side effects

In postmenopausal women, secondary benefits of tamoxifen include increase in bone
mineral density, and reduction in plasma concentrations of total cholesterol and low-density
lipoprotein (and possibly reduction of cardiovascular events) (Ref. 38). However, tamoxifen
is also associated with frequent and bothersome menopausal symptoms such as hot flushes
and atrophic vaginitis. Rare effects include thromboembolic events, thrombocytopaenia or
leukopaenia, endometrial hyperplasia, polyps or cancer (Ref. 38). Tamoxifen-associated side
effects and secondary benefits are likely mediated through the effect of tamoxifen on its
targets — ERa and ERp — in non-breast-cancer tissues; thus it is reasonable to assume that
genetic variants in ERa and ERB may be associated with tamoxifen clinical outcomes.

Although well-studied genetic variants in the ERa gene (ESR1 polymorphisms Poull and
Xbal) do not cause amino acid changes, they have been associated with several clinical
phenotypes, presumably by inducing changes in protein levels. In the observational study
conducted by COBRA investigators, tamoxifen was associated with a statistically significant
reduction in total cholesterol in postmenopausal women with the ERa ESR1 Xbal GG
genotype and in triglycerides in women with the ERB ESR2-02 GG genotypes (Ref. 39). In
premenopausal women, the ESR1 Xbal genotypes were associated with tamoxifen-induced
changes in triglycerides and high-density lipoprotein. Preliminary data have also suggested
that bone mineral density may be influenced by ER genotypes (Ref. 40).

In addition, preliminary data suggest that tamoxifen-induced hot flushes are influenced by
ER genotypes. Postmenopausal women with ESR1 Poull CC and ESR2-02 GG genotypes
reported the greatest increase in hot-flush scores (P = 0.0007) compared with women with
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other alleles. By contrast, women with ESR2-02 AA genotype were less likely to experience
tamoxifen-induced hot flushes than women who carried at least one ESR-02 G allele (HR =
0.26, 95% confidence interval = 0.10-0.63; P = 0.001) (Ref. 41).

One report suggested that women with normal CYP2D6 genotype were more likely to report
hot flushes compared with women who were IMs or PMs (Ref. 27). Among the 223 patients
included in the NCCTG study, a total of 61% (n = 136) reported having hot flushes, with
40% (n = 90) reporting mild (grade 1), 15% (n = 34) reporting moderate (grade 2), and 5%
(n = 12) reporting severe (grade 3) hot flushes. By contrast, none (0/13) of the PMs had
moderate or severe hot flushes compared with 20% (36/177) for IMs and EMs (one-sided P
= 0.06). At the same time, others did not observe a correlation between CYP2D6 and hot
flushes (Ref. 35). It is possible that EMs are more likely to suffer the anti-oestrogenic effects
due to an increase in endoxifen concentrations compared with other groups. Indeed, a recent
report suggested that EMs are more likely to discontinue tamoxifen during the first year of
treatment compared with women who are IMs or PMs (Ref. 42).

Conclusions and future directions

Several studies have provided an initial correlation between variants in CYP2D6 and
tamoxifen metabolism, efficacy and safety. More-preliminary studies suggest a role for
genetic variants in other genes in tamoxifen efficacy. Overall, the data reported to date
suggest that polymorphisms in ER genotypes and CYP2D6 may be useful in selecting
women who would gain the greatest benefit from tamoxifen and those who may be more
susceptible to adverse effects. However, prospective studies are needed to validate
preliminary findings and to further delineate the magnitude of effect. Such investigations
will help provide definitive answers to the question of CYP2D6 activity and tamoxifen
response. In addition, the role of other genes that influence tamoxifen metabolism and
elimination and its target should be further investigated; indeed, it is possible that a
multigene assay will be required.

Because many SSRI/SNRI agents are available, it is recommended that women receiving
tamoxifen should be prescribed a weak CYP2D6 inhibitor such as venlafaxine or citalopram.
Women who have benefited from long-term use of drugs that are strong inhibitors of
CYP2D6 such as paroxetine or fluoxetine may need to either continue such use if it has been
the best treatment for their underlying disease or consider transitioning into another agent
under the direction of a primary care physician or a psychiatrist.

Aromatase inhibitors are also commonly used in the treatment of postmenopausal breast
cancer, but pharmacogenetic studies on these are few. The role of genetic polymorphism in
the aromatase gene (CYP19) has been extensively investigated as a determinant of breast
cancer risk. In one study, time to progression was significantly improved in patients with
one CYP19 variant (rs4646), compared with those with a wild-type gene (17.2 versus 6.4
months; P = 0.02) (Ref. 43). Ongoing studies are evaluating the effects of pharmacogenetics
of aromatase and drug-metabolising enzymes on several aromatase inhibitors such as
anastrozole, letrozole and exementane. Such studies will also consider variation in
aromatase inhibitor activity on oestrogen concentrations, breast density, bone density, lipids
and other factors.

It is hoped that the results from the tamoxifen and aromatase inhibitor studies may be useful
in the future to predict response to individual agents and may help individualise treatments
based on host genetic factors. In addition to hormone therapies, many women with breast
cancer will be prescribed chemotherapy. Pharmacogenetics may be important in determining
response or resistance to different agents. However, little work has been done to evaluate
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such effects. Agents that are commonly used in the treatment of breast cancer include the
anthracyclines doxorubicin and epirubicin and the taxanes paclitaxel and docetaxel; other
agents include cyclophosphamide, vinorelbine, gemcitabine and 5-fluorouracil. Potential
pharmacogenetics of response and side effects to such agents have been reviewed elsewhere
(Ref. 44).

In summary, data available to date suggest that reduced CYP2D6 activity leads to low
concentration of an active metabolite and possibly to poor response to tamoxifen treatment.
While women receiving tamoxifen treatment who have CYP2D6 polymorphisms leading to
reduced activity or who take drugs that inhibit CYP2D6 may have worse long-term
outcome, a direct correlation between change in the metabolic profile of tamoxifen and
long-term outcome has not been evaluated. More data are needed to determine
pharmacogenetic effects on aromatase inhibitor action or on specific chemotherapy agents.
Finally, additional information is required to assess pharmacogenetic effects on treatment-
related toxicity. Until prospective data are available we do not recommend routine CYP2D6
testing for women prescribed tamoxifen. However, it is reasonable to consider testing in
select women for whom tamoxifen is considered but who may have alternative treatment
options; for example, a postmenopausal woman with osteoporosis may be treated with an
aromatase inhibitor and a bisphosphonate if she is a poor metaboliser, but may be better
served with tamoxifen if she is an extensive metaboliser. Indeed, the promise of
pharmacogenetic testing is that the most effective yet least toxic agent will be prescribed to
an individual.
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Figure 1. Biotransformation of tamoxifen and its metabolites

Cytochrome P450 (CYP) 3A4/5 is responsible for the formation of N-desmethyl-tamoxifen.
The formation of 4-hydroxy-tamoxifen and of endoxifen are predominantly catalysed by
CYP2D6. Other CYP isoforms, including CYP2C19, CYP2C9 and CYP2BS6, appear to play

less important roles in tamoxifen metabolism in vitro at therapeutically relevant

concentrations. SULT1AL1 is responsible for sulphation of 4-hydroxy-tamoxifen and may
also play a role in endoxifen clearance. Reprinted, with permission from Oxford University

Press, from Ref. 22 (© 2005 Oxford University Press).
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Table 1
Classification of CYP2D6 phenotype
Metaboliser status Activity Genotype and CYP2D6 inhibitor status®
Poor metabolisers No activity Two null alleles (CYP2D6*3,*4,*5,*6,*11), or one null allele and a strong inhibitor

Intermediate metabolisers ~ Reduced activity ~ One null allele (CYP2D6*3,*4,*5,*6,*11) or one or two variants *9,*10,*17,*41, and/or a
moderate inhibitor

Extensive metabolisers Normal activity ~ Two ‘wild-type’ or normal alleles (CYP2D6*1,*2,*35) and no inhibitor

Ultrarapid metabolisers Excess activity *1xN, *2xN, *35xN, *41xN and no inhibitor

aInhibitor staus refers to the coadministration of drugs that may affect CYP2D6 activity (see Table 2).

Abbreviation: N, number of gene duplication alleles.
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Partial list of drugs that are commonly administered with tamoxifen, and CYP2D6 inhibition

Inhibitor Strong®
Paroxetine (Paxil)
Fluoxetine (Prozac)
Bupropion (Wellbutrin)
Quindine (Cardioquin)
Moderate

Duloxetine (Cymbalta)
Thioridazine (Mellaril)
Amiodarone (Cordarone)
Diphenhydramine (Benadryl)
Cimetidine (Tagamet)
Weak or Noninhibitor?
Sertraline (Zoloft)
Venlafaxine (Effexor)
Citalopram (Celexa)

Escitalopram (Lexapro)

Ref.

22
22
45
46

47
48
49

51

22
22
52
53

aShouId be avoided in women taking tamoxifen.

bProbably safe in women taking tamoxifen.
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Summary of main studies that evaluated genetic variants and tamoxifen-associated long-term outcomes

Study

Goetz et al., 2005 (Refs
27, 28)

Schroth et al., 2007 (Ref.
32)

29)

30)

Lim et al., 2007 (Ref. 33)

Nowell et al., 2005 (Ref.
1)

34)

Bonanni et al., 2006 (Ref.
35)

Wegman et al., 2005 (Ref.

Wegman et al., 2007 (Ref.

Kiyotani et al., 2008 (Ref.

Study overview

256 postmenopausal women with ER*/PR* tumours; tamoxifen (20
mg/day) for 5 years?

486 pre- and postmenopausal women; 206 adjuvant tamoxifen
(100% ER*), 280 chemotherapy or nothing (54% ER*)

226 postmenopausal women; 112 (70% ER*) tamoxifen (40 mg/day)
for 2 years

677 peri-and postmenopausal ER* women; 238 randomised to
tamoxifen (40 mg/day or 20 mg/day) for 2 or 5 years, 439 tamoxifen
(40 mg/day) for 2 or 5 years (before 1994) or 20 mg/day for 5 years
(after 1994)

211 pre- and postmenopausal women (12 with metastatic breast
cancer; 190 adjuvant); tamoxifen (20 mg/day)

337 pre- and postmenopausal women (retrospective);160 tamoxifen,
177 no tamoxifen

67 pre- and postmenopausal women (retrospective); tamoxifen (20
mg/day) for 5 years

46 women from a prospective chemoprevention study; tamoxifen (20
mg/day) for 5 years vs placebo for 5 years

Main results

CYP2D6*4/*4 vs other groups

Higher risk of recurrence:

RFSHR =1.85, P =0.176

DFS HR = 1.86, P = 0.089
Tamoxifen-treated PMs vs other groups
Higher risk of recurrence:

RFS HR =2.24, P = 0.02

EFSR HR = 1.89, P = 0.02

CYP2D6*4 carrier

Lower risk of recurrence: RR = 0.28, P =
0.0089

SULT1A1*1/*1 carrier

Lower risk of recurrence: RR = 0.48, P =
0.0074

CYP2D6*4 and /or SULT1A1*1/*1
carrier

Lower risk of distant recurrence: RR =
0.38, P =0.0041

CYP2D6*4/*4 vs CYP2D6*1/*1 or
CYP2D6*1:

Improved DFS: P = 0.05, and 0.04,
respectively

CYP3A5*3/*3
Improved RFS: HR = 0.20, P = 0.002
CYP2D6*10/*10 carriers vs other groups

Lower concentration of tamoxifen
metabolites: P < 0.0001

CYP2D6*10
More often found among nonresponders:

100% vs 50%; P = 0.0186; Median TTP
=5vs 21.8 months; P = 0.0032

CYP2D6*4 vs other

Lower risk of recurrence:
DFS HR =0.67, P = NS
OSHR=0.79, P =NS
CYP2D6*10/*10 vs *1v*1
Higher risk of recurrence:
RFS HR =10.94, P = 0.036

Higher frequency of breast cancer in
CYP2D6*4/*4 carrier:

8.7% vs 0.7% in other

aWomen who received 5 years of tamoxifen and 1 year of fluoxymesterone were not included in the pharmacogenetics study.
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Abbreviations: DFS, disease-free survival; EFSR, event-free survival rate; EM, extensive metaboliser; ER, estrogen (estrogen) receptor; HR,
hazard ratio, IM, intermediate metaboliser; NS, statistically not significant, OS, overall survival; PM, poor metaboliser; PR, progesterone receptor;
RFS, relapse-free survival; RR, relative risk; TTP, time to progression; UM, ultrarapid metaboliser; vs, versus.
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