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In hormone (estrogen and/or progesterone) receptor–positive 
breast cancer, 5 years of adjuvant tamoxifen therapy reduces 
disease recurrence by approximately half and breast cancer mortality 
by approximately a third (1). The parent compound tamoxifen is a 
relatively weak estrogen receptor (ER) antagonist but is converted 
in vivo into many metabolites with varying estrogenic and anti-
estrogenic properties. Of these, 4-hydroxy-N-desmethyl-tamoxi-
fen (known as endoxifen) binds ER with 100-fold greater affinity 
than tamoxifen and metabolite N-desmethyl-tamoxifen, and its 
serum concentration is 6- to 10-fold higher than the high affinity 
metabolite 4-hydroxy-tamoxifen (2–7). Cytochrome P450 2D6 
(CYP2D6) and UDP-glucuronosyltransferase-2B7 (UGT2B7)  
are the primary and rate-limiting enzymes responsible for the  
formation and inactivation of endoxifen, respectively (3,8).

CYP2D6 genotype is associated with plasma concentrations of 
endoxifen (2,4), a finding that raised the hypothesis that CYP2D6 
genotype may predict response to tamoxifen. We observed that the 
gene product of UGT2B7*2, a common genetic variant of UGT2B7 
that exhibits decreased enzymatic activity (9), is associated with 
higher plasma endoxifen concentrations in patients receiving ta-
moxifen therapy (D. A. Flockhart, Indiana University, unpublished 
data). However, studies that tested associations between CYP2D6 
genotype and benefit from tamoxifen have provided conflicting 
results (10,11). Some studies found that tamoxifen-treated breast 
cancer patients who are carriers of CYP2D6 alleles associated with 
reduced enzyme activity have worse outcomes compared with 
patients who carry the functional CYP2D6 gene (12,13). In 
contrast, other investigators have failed to observe a difference or 
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have even suggested better clinical outcomes for patients with 
CYP2D6 genotypes associated with poor tamoxifen metabolism 
(14,15).

Most, if not all, previously reported studies of the association 
between CYP2D6 genotypes and clinical efficacy of tamoxifen have 
been confounded by a variety of biases and do not provide the level 
of evidence needed to recommend CYP2D6 genotyping for 
decisions regarding tamoxifen therapy (10,11,16,17). Recently, 
Simon et al. (18) have proposed a scale to define the level of 
evidence necessary for evaluation of clinical utility of tumor 
markers using results from archival specimens, specifically defining 
studies using specimens from “repurposed” prospective studies as 
the highest level (also designated as “prospective retrospective 
studies”). In this regard, the Arimidex, Tamoxifen, Alone or in 
Combination (ATAC) clinical trial was a prospective, randomized 
double-blind clinical trial to test the efficacy and safety of the  
aromatase inhibitor, anastrozole (trade name: Arimidex), vs tamoxifen 
for 5 years as initial adjuvant endocrine treatment in postmeno-
pausal women with hormone receptor–positive early-stage breast 
cancer (19–26). In addition to disease outcomes, ATAC investiga-
tors collected comprehensive concomitant medication data during 
the 5 years of active treatment. This trial, which now has a 10-year 
median follow-up, provides an ideal platform for generating 
high-level evidence on whether CYP2D6 or UGT2B7 genotypes 
predict response to tamoxifen. We conducted a genetic substudy  
of the ATAC trial to test for associations between patient 
CYP2D6 and UGT2B7 genotypes with clinical outcomes in 
anastrozole- and tamoxifen-treated hormone receptor–positive breast 
cancer patients.

Methods
Study Population
Patient selection and sample collection in the ATAC trial have 
been described previously (19). A total of 9366 postmenopausal 
women from 381 centers in 21 countries were enrolled in the 
ATAC trial between July 12, 1996, and March 24, 2000, and were 
randomly assigned to the anastrozole alone (n = 3125 women), 
tamoxifen alone (n = 3116 women), and combined anastrozole and 
tamoxifen (n = 3125 women) groups. Eligible patients were post-
menopausal women with histologically proven, operable invasive 
breast cancer, who had completed primary surgery and chemo-
therapy (where given) and were eligible to receive adjuvant hor-
monal therapy. Archival tumor blocks were requested for patients 
except those known to be ER negative and progesterone receptor 
negative according to immunohistochemical test conducted at the 
local institution (27). Patients were ineligible if they had metastatic 
disease, if chemotherapy was started more than 8 weeks after  
surgery, or completed more than 8 weeks before random assign-
ment. In patients not receiving chemotherapy, surgery must have 
been completed less than 8 weeks before random assignment. 
Patients were ineligible if they had received hormonal therapy 
previously for breast cancer prevention or for adjuvant treatment 
of breast cancer.

We designed a genetic substudy that represents patients enrolled 
in the ATAC trial only in the United Kingdom but were compared 
with all other patients (rest of the world [ROW]) in selected 

analyses. Only patients randomly assigned to either anastrazole or 
tamoxifen group, and none from the combined anastrazole and  
tamoxifen group, were included in this substudy. A CONSORT 
diagram (Figure 1) illustrates the selection of patients for germline 
genetic analyses. All patients provided consent to undergo genetic 
analyses, and this study was approved by the English National 
Research Ethics Service (via the Lewisham Local Ethics Committee).

Genotype Analysis
DNA was extracted from formalin-fixed paraffin-embedded tumor 
specimens (n = 1327), as described previously (28). All single-
nucleotide polymorphisms (SNPs) (Supplementary Table 1, avail-
able online) were determined using the polymerase chain reaction 
(PCR)–based TaqMan Allelic Discrimination Assays (Applied 
Biosystems, Foster City, CA) according to the manufacturer’s  
instructions, as described previously (28). All genotyping reactions 
were prepared in a vertical AirClean 600 laminar flow hood with 
HEPA filtration (AirClean Systems, Raleigh, NC), and 15% of 
tumor specimens from anastrozole and tamoxifen groups were 
randomly selected for duplicate determinations of SNPs resulting 
in 100% concordance. Researchers were blinded to the groups 
while genotyping.

CONTEXT AND CAVEATS

Prior knowledge
Cytochrome P450 2D6 (CYP2D6) converts tamoxifen to the meta-
bolically active endoxifen, and its gene polymorphisms are sug-
gested to influence the outcome in tamoxifen-treated breast cancer 
patients. The question is, should patients be genotyped for 
CYP2D6?

Study design
Postmenopausal, hormone receptor–positive early-stage breast 
cancer patients from the UK population of the Arimidex (generic 
name anastrozole) Tamoxifen, Alone or in Combination (ATAC) 
Clinical Trial, who received tamoxifen, or anastrozole, were geno-
typed for CYP2D6 variants. UDP-glucuronosyltransferase-2B7 
(UGT2B7) was also genotyped because its gene product inactivates 
endoxifen. Associations between genotypes and distant recurrence 
or any recurrence were assessed.

Contribution
CYP2D6 genotype showed no association with recurrence, which 
remained after adjustment for concomitant medication known to 
inhibit the CYP2D6 enzyme, and UGT2B7 genotype showed a near-
null association with recurrence in tamoxifen-treated patients.

Implications
Reduced CYP2D6 enzyme activity was not associated with worse 
disease outcome. Results do not support CYP2D6 genotyping in 
patients considering tamoxifen because it did not predict clinical 
benefit of adjuvant tamoxifen treatment among postmenopausal 
breast cancer patients.

Limitations
Results are restricted to the UK component of the ATAC trial, and 
only to postmenopausal women. Circulating endoxifen levels were 
not measured, and compliance regarding tamoxifen intake was 
self-reported.

From the Editors
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CYP2D6 Genotyping. Formalin-fixed, paraffin-embedded tissue-
extracted DNA was genotyped for known SNPs in CYP2D6 using 
a TaqMan Allelic Discrimination Assay, as described previously 
(28). The following SNPs were genotyped: 1846G>A (rs3892097), 
T1707del (rs5030655), A2549del (rs35742686), 2988G>A 
(rs28371725), 100C>T (rs1065852), and 4180G>C (rs1135840). 
Genotyping for these SNPs allows the identification of the most 
common alleles of CYP2D6: ancestral or wild-type (WT) allele 
CYP2D6*1, and variant alleles CYP2D6*2, CYP2D6*3, CYP2D6*4, 
CYP2D6*6, CYP2D6*10, and CYP2D6*41. PCR reactions were 
carried out to 60 cycles to allow amplification of sub-nanogram 
quantities of DNA. The PCR conditions were as follows: 95°C  
for 10 minutes followed by 60 cycles of denaturation at 92°C for 
15 seconds and annealing and extension for 1 minute. The temper-
ature for the annealing and extension step was optimized for each 
individual SNP and ranged from 57°C to 60°C.

UGT2B7 Genotyping. Metabolic inactivation of endoxifen is 
mediated by UGT2B7 (8). We found that the common genetic 
variant of UGT2B7, UGT2B*2, was associated with higher endoxifen 
concentrations in patients receiving tamoxifen (D. A. Flockhart, 
Indiana University, unpublished data). Tumor specimens were 
genotyped for ancestral or WT allele UGT2B7*1 and variant allele 
UGT2B7*2 (rs7439366) using a TaqMan Allelic Discrimination 
Assay, as described previously (28). The PCR conditions were as 
follows: 95°C for 10 minutes followed by 60 cycles of denaturation 
at 92°C for 15 seconds and annealing and extension at 59°C for  
1 minute.

Phenotypic Scoring of CYP2D6
We assigned a CYP2D6 “activity score” to patients based on their 
CYP2D6 genotype, using the method described by Blake et al. (29) 
with minor modifications as described previously (30). The 
CYP2D6 activity score is an approach to predict most accurately a 
patient’s CYP2D6 metabolic phenotype based on their genotype 

(31). Briefly, each CYP2D6 allele was assigned a value from 0 (for 
nonfunctional alleles) to 1 (for fully functioning alleles) based on 
the relative catalytic activity of its gene product for substrate 
O-demethylation of dextromethorphan (29). Each patient’s 
activity score represents the sum total of their individual CYP2D6 
alleles, and patients can be categorized into one of the five groups 
of scores (0, 0.5, 1.0, 1.5, or 2.0); score 0 representing the poor 
metabolizer (PM) phenotype; scores 0.5, 1.0, and 1.5 representing 
intermediate metabolizer (IM) phenotype; and score 2.0 representing 
the extensive metabolizer (EM) phenotype of CYP2D6. The EM 
phenotype is also the CYP2D6 homozygous WT phenotype.

All concomitant medications were documented by self-report at 
each follow-up visit and recorded in the database. Concomitant 
medication usage was collected for the 5 years of active treatment, 
permitting further refinement of CYP2D6 activity scores based on 
known inhibition of CYP2D6 enzymatic activity (4). Concomitant 
medications were categorized for strong, moderate, or weak/no 
inhibition of CYP2D6 as described previously (30). Patients were 
considered to have taken inhibitor drugs if prescription and/or use 
of the drug was recorded at any time during their endocrine 
therapy. In patients taking more than one drug, only the strongest 
CYP2D6 inhibitor, such as paroxetine, fluoxetine, quinidine, and 
bupropion, was factored into the CYP2D6 scoring. Duloxetine, 
diphenydramine, thioridazine, amiodarone, sertraline, and cimeti-
dine partially inhibit CYP2D6 and were considered moderate  
inhibitors. Based on these designations, 2 points were subtracted 
from each patient’s CYP2D6 metabolism score for strong inhibitors, 
1 point for moderate inhibitors, and 0 points for the weak inhibitor 
and no inhibitors. Adjusted scores less than 0.5 (0, 20.5, 21.0, 
21.5, and 22.0) were assigned a value of 0 as they all correspond 
with lack of CYP2D6 activity.

Statistical Analysis
In this genetic substudy, the primary endpoint was distant recur-
rence, and any recurrence was also evaluated as secondary end-
points. The association between CYP2D6 and UGT2B7 genotype 
and recurrence was determined by estimating the hazard ratios 
(HRs) and corresponding 95% confidence intervals (CIs) using 
Cox proportional (approximate proportionality was verified by  
visual inspection of the Kaplan–Meier curves) hazards regression 
model, both with and without adjustment for age, tumor size, 
grade, and nodal status. Proportionality was based on the normal 
approximations of the distribution of test of equality of propor-
tions. P values were based on a normal approximation to the partial 
likelihood score test. A trend test for CYP2D6 used the metabolic 
score as a covariate and a partial likelihood ratio score test (32). 
Time-to-recurrence curves were constructed using the Kaplan–
Meier method (33). Patients were censored at last follow-up 
or death from a non-breast cancer cause as verified by a death 
certificate. Comparisons of baseline characteristics were based on 
normal approximations of the distribution of tests of equality  
of proportions. Hardy–Weinberg equilibrium was tested by a 
goodness-of-fit x2 test with allele frequencies estimated from the 
same data (1 df). The allele frequencies of CYP2D6 and UGT2B7 
were tested for consistency with those expected in a predominantly 
white population of European descent and their distributions 
tested for Hardy–Weinberg equilibrium. All tests were two-sided, 

Figure 1. CONSORT diagram showing the number of patients from 
the Arimidex, Tamoxifen, Alone or in Combination (ATAC) clinical trial 
included in the genetic substudy. CYP2D6 = cytochrome P450 2D6; 
UGT2B7 = UDP-glucuronosyltransferase-2B7.
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and all P values less than .05 were considered statistically signifi-
cant. All calculations were performed using STATA (Version 11) 
(StataCorp LP, College Station, TX). “Methods” and “Results” 
are reported according to the REMARK criteria (34). Baseline 
characteristics to compare genotyped vs non-genotyped groups 
were as follows: hysterectomy (yes vs no), ever smoker (yes vs no), 
previous hormone replacement therapy use (yes vs no), age (≤60 vs 
60–69 vs ≥70 years), body mass index (<25, 25–30, >30 kg/m2), 
radiotherapy (yes vs no), chemotherapy (yes vs no), and mastec-
tomy (yes vs no). Tumor characteristics were defined as follows: 
grade (well vs intermediate vs poorly differentiated vs unknown 
and/or could not be assessed), nodal status (positive vs negative  
vs unknown), hormone receptor status (positive vs negative vs 
unknown), and tumor size (<20 vs 20–50 vs >50 mm). Recurrence 
was defined either as any or distant recurrence, and cause of death 
(as verified by death certificate) was either any breast cancer or 
other than breast cancer death. The comparisons of these groups 
were based on simple comparison of proportions.

Results
Clinical Characteristics of the ATAC Trial Patients Included 
in the Genetic Substudy
Of the 2145 postmenopausal women with invasive breast cancer 
included from the UK component of the randomized ATAC trial, 
and with a median follow-up time of 10 years, tumor specimens 
were obtained from 1327 women, and genotyping was completed 
for CYP2D6 and UGT2B7 in 1203 and 1209 patients, respectively 
(Figure 1). The allele frequencies for the seven most common 
CYP2D6 (ancestral CYP2D6*1, and variants CYP2D6*2, CYP2D6*3, 
CYP2D6*4, CYP2D6*6, CYP2D6*10, and CYP2D6*41), and 
UGT2B7 (ancestral UGT2B7*1 and variant UGT2B7*2) alleles 
were in Hardy–Weinberg equilibrium in this population 
(Supplementary Table 1, available online). The allele frequencies 
were consistent with those reported for a predominantly white 
population of European descent (9,35).

Of the 1203 patients genotyped for CYP2D6, 615 and 588 
patients were from the anastrozole and tamoxifen groups, respec-
tively, representing approximately 20% of the total patients  
accrued to each of these treatment groups in the ATAC trial, and 
56% of the UK ATAC patients (Figure 1). Of the 1209 patients 
genotyped for UGT2B7, 606 and 603 patients were from the anas-
trozole and tamoxifen groups, respectively (Figure 1). Overall, the 
characteristics of the patients genotyped for both CYP2D6 and 
UGT2B7 (the genotyped UK population) from the tamoxifen sub-
group were similar to the non-genotyped UK ATAC population 
with regards to hysterectomy, ever smokers, previous hormone 
replacement therapy, age, and body mass index (Table 1). However, 
the genotyped patients treated with tamoxifen had higher rates of 
radiotherapy, lower rates of chemotherapy and mastectomy, and 
exhibited slight differences in tumor grade and nodal status com-
pared with the non-genotyped patient population from the ROW. 
Most UK patients (544 [92.5%] of 588) in the tamoxifen group 
who were genotyped for CYP2D6 had hormone receptor–positive 
cancers. Tumors less than 20 mm in size were more frequent in the 
genotyped patients in the tamoxifen group compared with the 
frequency in non-genotyped ROW tamoxifen group (404 [68.7%] 

of 588 vs 1253 [61.1%] of 2050 patients; P < .001). Proportions of 
distant recurrence were similar in the genotyped vs non-genotyped 
UK population or non-genotyped ROW tamoxifen-treated patients 
(15.1% vs 18.2% or 17.5%). However, more deaths from any cause 
were observed in the non-genotyped vs genotyped UK population 
(P = .004). Similar baseline distributions between genotyped and 
non-genotyped patients were seen for the UK population in the 
anastrozole group (data not shown). Side effects in the tamoxifen 
and anastrozole groups in the genotyped UK population were 
similar to those in the non-genotyped ROW (data not shown).

Association Between CYP2D6 Genotype and 
Recurrence Rate
We compared the rates of distant recurrence for patients according 
to CYP2D6 phenotypes—PM (phenotypic score 0), IM (phenotypic 
scores 0.5, 1.0, and 1.5), and EM (phenotypic score 2.0); scores 
were based on CYP2D6 genotypes (Figure 2, A). For tamoxifen-
treated patients, no statistically significant difference in the rates  
of distant recurrence was observed between CYP2D6 homozygous 
WT and metabolic variants (PM vs IM [score 0.5], HR of distant 
recurrence = 2.80, 95% CI = 0.93 to 8.46, P = .068; PM vs IM 
[score 1.0], HR of distant recurrence = 1.31, 95% CI = 0.49 to 
3.48, P = .58; PM vs IM [score 1.5], HR of distant recurrence = 
0.76, 95% CI = 0.20 to 2.84, P = .68; PM vs EM [score 2], HR of 
distant recurrence = 1.25, 95% CI = 0.50 to 3.15, P = .64). Test for 
trend across the CYP2D6 genotypes for distant recurrence was not 
statistically significant (Ptrend = .66). We also compared rates of any 
recurrence for tamoxifen-treated patients according to CYP2D6 
status. No statistically significant differences in any recurrence 
rates were observed between CYP2D6 homozygous WT and met-
abolic variants (PM vs IM [score 0.5], HR of any recurrence = 2.15, 
95% CI = 0.85 to 5.40, P = .10; PM vs IM [score 1.0], HR of any 
recurrence = 0.94, 95% CI = 0.43 to 2.08, P = .88; PM vs IM [score 
1.5], HR of any recurrence = 0.68, 95% CI = 0.23 to 1.96, P = .47; 
PM vs EM [score 2], HR of any recurrence = 0.99, 95% CI = 0.48 
to 2.08, P = .99) (Figure 2, B). A multivariable analysis adjusted for 
clinical pathological factors including tumor size, grade, nodal 
status, and age did not influence the lack of association between 
CYP2D6 genotypes and recurrence rates in the tamoxifen group 
(data not shown).

Some of the previous studies that assessed the associations 
between CYP2D6 genotype and benefit from tamoxifen classified 
patients into only one of the three metabolic phenotypes based on 
the knowledge of homozygosity and heterozygosity of the most 
common nonfunctional CYP2D6 allele, CYP2D6*4 [see review 
(11)]. Therefore, we compared rates of recurrence for tamoxifen-
treated patients according to CYP2D6*4 alone. No statistically 
significant difference in the rate of distant recurrence was observed 
between the homozygous WT CYP2D6 (CYP2D6*1/*1, ie, WT/
WT) with heterozygous (CYP2D6*4/WT) or homozygous 
(CYP2D6*4/*4) genotypes in patients from the tamoxifen group 
(WT/WT vs CYP2D6*4/WT, HR of distant recurrence = 1.18, 
95% CI = 0.75 to 1.88, P = .48; WT/WT vs CYP2D6*4/*4, HR of 
distant recurrence = 0.71, 95% CI = 0.26 to 2.00, P = .51) 
(Supplementary Figure 1, A, available online ). Similarly, there was 
no association between CYP2D6*4 genotype alone and rates of any 
recurrence (Supplementary Figure 1, B, available online).
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Association Between CYP2D6 Genotype and Concomitant 
Medication and Recurrence Rate
Of the 588 tamoxifen-treated patients genotyped for CYP2D6, 19 
(3.2%) and 13 (2.2%) patients had been prescribed potent and 
moderate CYP2D6 inhibitors, respectively. Incorporating con-
comitant medications to adjust the CYP2D6 score did not alter the 
lack of observed association between CYP2D6 genotypes (based on 
phenotypic scores as described earlier) and rates of either distant 
recurrence or any recurrence. After adjusting for concomitant 
medications, no statistically significant difference in rate of distant 
recurrence was observed between CYP2D6 phenotypes (PM and 
IM [score 1.0], HR of distant recurrence = 0.74, 95% CI = 0.40  
to 1.37, P = .34; PM vs IM [score 1.5] phenotype, HR of distant 

recurrence = 0.49, 95% CI = 0.16 to 1.44, P = .19; PM vs EM 
[score 2], HR of distant recurrence = 0.78, 95% CI = 0.45 to 1.35, 
P = .38) (Table 2). No statistically significant differences in the rate 
of any recurrence between PM and IM or EM phenotypes were 
noted (Table 2).

Association Between UGT2B7 Genotype and 
Recurrence Rate
No statistically significant difference in the rate of distant recur-
rence was observed between the homozygous WT UGT2B7 
(UGT2B7*1/*1, ie, WT/WT) with heterozygous (UGT2B7*2/WT) 
or homozygous (UGT2B7*2/*2) genotypes in patients from the 
tamoxifen group (WT/WT vs UGT2B7*2/WT, HR of distant re-
currence = 1.03, 95% CI = 0.59 to 1.79, P = .92; WT/WT vs 
UGT2B7*2/*2, HR of distant recurrence = 1.10, 95% CI = 0.61 to 
2.00, P = .74) (Supplementary Figure 2, A, available online). 
Similarly, there was no association between UGT2B7*2 genotype 
and rates of any recurrence (Supplementary Figure 2, B, available 
online). A multivariable analysis adjusted for clinical pathological 
factors including tumor size, grade, nodal status, and age did not 
influence the lack of association between UGT2B7 genotypes and 
recurrence rates in the tamoxifen group (Table 3).

Association Between CYP2D6 and UGT2B7 Genotypes and 
Recurrence Rates in Patients Treated With Anastrozole
Because CYP2D6 and UGT2B7 enzymes are not involved in the 
metabolism of anastrozole (36), the patients in this group served as 
an internal control group. As expected, CYP2D6 and UGT2B7 
genotypes were not associated with rates of distant recurrence or 
any recurrence in patients treated with anastrozole. No statistically 
significant difference in the rates of distant recurrence was observed 
between CYP2D6 homozygous WT and metabolic variants (PM vs 
IM [score 0.5], HR of distant recurrence = 1.30, 95% CI = 0.22 to 
7.76, P = .78; PM vs IM [score 1.0], HR of distant recurrence = 
1.55, 95% CI = 0.45 to 5.31, P = .49; PM vs IM [score 1.5], HR 
of distant recurrence = 0.89, 95% CI = 0.18 to 4.43, P = .89; 
PM vs EM [score 2], HR of distant recurrence = 1.90, 95%  
CI = 0.59 to 6.09, P = .28) (Supplementary Figure 3, A, available 
online). Similarly, there was no association between CYP2D6 
genotype and rates of any recurrence (Supplementary Figure 3, B, 
available online). No statistically significant difference in the rate 
of distant recurrence was observed between the homozygous WT 
UGT2B7 (WT/WT) with heterozygous (UGT2B7*2/WT) or ho-
mozygous (UGT2B7*2/*2) genotypes in patients from the 
anastrozole group (WT/WT vs UGT2B7*2/WT, HR = 0.63, 95% 
CI = 0.35 to 1.12, P = .12; WT/WT vs UGT2B7*2/*2, HR = 0.68, 
95% CI = 0.34 to 1.23, P = .23) (Supplementary Figure 4, A, avail-
able online). Similarly, there was no association between UGT2B7*2 
genotype and rates of any recurrence (Supplementary Figure 4, B, 
available online).

Discussion
In this retrospective genetic substudy of patients enrolled in the 
prospective ATAC Trial, which is one of the seminal randomized 
clinical trials comparing adjuvant endocrine treatments of breast 
cancer, we genotyped patients who were randomly assigned to 

Figure 2. Probability of recurrence in patients enrolled in the Arimidex, 
Tamoxifen, Alone or in Combination (ATAC) trial according to cyto-
chrome P450 2D6 (CYP2D6) phenotype. Recurrence was assessed in 
patients who were randomly assigned to the tamoxifen group using a 
Cox proportional hazard model. A CYP2D6 activity score was assigned 
to each patient, which most accurately predicts a patient’s CYP2D6 
metabolic phenotype based on her genotype (31). The phenotypic 
scores are indicated in parentheses. Two-sided P values were calcu-
lated using an adjusted Cox proportional hazard model. A) Distant 
recurrence. B) Any recurrence. CI = confidence intervalHR = hazard ratio; 
EM = extensive metabolizer; IM = intermediate metabolizer; PM = poor 
metabolizer.
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either the tamoxifen or anastrozole groups for the common  
variants in CYP2D6 and UGT2B7. Our results failed to confirm 
previously reported associations between patient CYP2D6 geno-
type, or pharmacological inhibition of CYP2D6 enzymatic activity, 
and clinical benefit from tamoxifen in postmenopausal patients. 
Therefore, although variants in CYP2D6 and the use of CYP2D6 
inhibitors correlate with decreased plasma concentrations of 
endoxifen, these differences do not appear to influence benefit 
from tamoxifen. Furthermore, our results do not suggest an 
association between UGT2B7 genotype, which is also expected to 
influence plasma endoxifen concentrations and clinical outcomes 
on tamoxifen.

Early reports of an apparently strong association of CYP2D6 
genotype with clinical outcomes in women with hormone receptor– 
positive early-stage breast cancer treated with adjuvant tamoxifen 
created enthusiasm to use CYP2D6 genetic testing to guide selec-
tion of adjuvant endocrine therapy (37–39). These results led to a 
Food and Drug Administration Advisory Committee recommending 
changing the label of tamoxifen (40) and stimulated a large central 
pharmacy service to recommend CYP2D6 genetic testing for 
enrolled patients for whom tamoxifen has been prescribed (41). 
Furthermore, a study modeling the effects of CYP2D6 concluded 
that patients with homozygous WT CYP2D6 genotype would have 
lower rates of relapse when treated with tamoxifen compared with 
letrozole (42). However, published results addressing CYP2D6 
genetic testing in the adjuvant and preventive settings have been 
highly mixed (10,11,16,17). Most results reported to date have 
been generated in studies of convenience, limited by relatively 
small numbers of patients, lack of comprehensive genotype data, 

lack of detailed clinical outcome data, and patient selection biases. 
In contrast, the data from this study are from a large double-blind 
clinical trial, in which CYP2D6 and UGT2B7 genotype informa-
tion, as well as concomitant medication which could have affected 
tamoxifen metabolism was collected and was completely blinded to 
disease outcome and treatment allocation. Furthermore, the anas-
trozole group, in which CYP2D6 and UGT2B7 genotypes also 
showed no statistically significant association with outcome, served 
as an internal control group. The conduct of this work within a 
registration standard clinical trial leads to enhanced confidence in 
recording of clinicopathologic, co-medication, and outcomes data.

Selected authors on this study have previously published data 
modeling the expected saturation levels of ER by tamoxifen and its 
metabolites in breast cancer in postmenopausal women as more 
than 99.9% (43). The estimates were based on published data on 
the plasma concentration of tamoxifen and its metabolites and on 
their affinities for ER. Importantly, this modeling was conducted  
before the suggestion that endoxifen might play a critical role in 
breast cancer. This metabolite was therefore excluded from the 
modeling. More recent modeling suggests that inclusion of endox-
ifen predicts even greater ER saturation levels (44). While these 
estimates are subject to substantial error, if they approximate to the 
truth, the argument for a link based on degree of saturation 
between benefit from tamoxifen and different degrees of metabo-
lism of tamoxifen to endoxifen is difficult to sustain. In premeno-
pausal women, however, tamoxifen’s anti-estrogenic effect at  
the hypothalamic–pituitary axis leads to increased gonadotrophin 
secretion and to markedly elevated plasma estradiol levels that are 
up to 100-fold higher than those in postmenopausal women (45). 

Table 2. Rates of distant recurrence and any recurrence according to CYP2D6 phenotype and concomitant medication usage*

CYP2D6 phenotype

Distant recurrence

P†

Any recurrence

P†
Tamoxifen group,  

No. (%) HR (95% CI)
Tamoxifen group,  

No. (%) HR (95% CI)

PM (phenotypic score = 0) 19 (18.5) 1.00 (referent)  24 (23.3) 1.00 (referent)
IM (phenotypic score = 1.0) 22 (14.3) 0.74 (0.40 to 1.37) .34 27 (17.5) 0.67 (0.39 to 1.17) .20
IM (phenotypic score = 1.5) 4 (8.3) 0.49 (0.16 to 1.44) .19 6 (12.5) 0.58 (0.23 to 1.41) .21
EM (phenotypic score = 2.0) 44 (15.6) 0.78 (0.45 to 1.35) .38 58 (20.5) 0.82 (0.51 to 1.32) .44

* The relative catalytic activity of CYP2D6 for substrate O-demethylated dextromethorphan was used to calculate an “activity score”; all ATAC UK genetic substudy 
patients were assigned a phenotypic score based on their CYP2D6 genotype. The CYP2D6 activity score is an approach to predict most accurately a patient’s 
CYP2D6 metabolic phenotype based on their genotype (31). The scores were adjusted for concomitant CYP2D6 inhibitors during active treatment. Cox proportional 
hazard model was used for multivariable analysis adjusted for tumor size (<20 mm, 20–50 mm, >50 mm, unknown), grade (well differentiated, moderately differ-
entiated, poorly differentiated, unknown), nodal status (positive, negative, unknown), and age. CI = confidence interval; EM = extensive metabolizer; HR = hazard 
ratio; IM = intermediate metabolizer; PM = poor metabolizer.

† Two-sided P values were calculated using an adjusted Cox proportional hazard model.

Table 3. Rates of distant recurrence and any recurrence according to UGT2B7 genotype*

UGT2B7 genotype

Distant recurrence

P†

Any recurrence

P†
Tamoxifen group,  

No. (%) HR (95% CI)
Tamoxifen group,  

No. (%) HR (95% CI)

UGT2B7*1/*1 (WT/WT) 18 (14.9) 1.00 (referent)  21 (17.5) 1.00 (referent)
UGT2B7*2/WT 42 (15.3) 1.12 (0.64 to 1.95) .69 60 (22.1) 1.29 (0.79 to 2.09) .18
UGT2B7*2/*2 28 (16.1) 1.11 (0.62 to 2.08) .71 33 (19.2) 1.11 (0.65 to 1.90) .64

* Patients from ATAC UK genetic substudy were genotyped for UGT2B7*2 (rs7439366) using the polymerase chain reaction–based TaqMan Allelic Discrimination 
assay. Cox proportional hazard model was used for multivariable analysis adjusted for tumor size (<20 mm, 20–50 mm, >50 mm, unknown), grade (well differen-
tiated, moderately differentiated, poorly differentiated, unknown), nodal status (positive, negative, unknown) and age. CI = confidence interval; HR = hazard ratio.

† Two-sided P values were calculated using an adjusted Cox proportional hazard model.
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Premenopausal women usually receive the same dose of tamoxifen 
as postmenopausal women, and in these circumstances, saturation 
of around 97% in the absence of endoxifen can be calculated. 
Given the potential for error in this estimate, and the absence of 
premenopausal women in the ATAC trial, there remains room for 
a pharmacogenetic interaction between CYP2D6 and outcome on 
tamoxifen in premenopausal women.

This study has a few limitations. Traditionally, genotyping for 
pharmacogenetic studies has been performed using fresh and/or 
frozen germline DNA collected from leukocytes or buccal smears, 
whereas in our study, we used formalin-fixed paraffin-embedded 
cancer tissue. However, after we first reported the technical and 
biological feasibility of genotyping in the latter specimen type, 
subsequent studies have validated this methodology (46,47). 
Although our study represents one of the largest overall studies of 
the association of CYP2D6 and adjuvant tamoxifen, the confidence 
intervals for distant recurrence for those with CYP2D6 EM pheno-
type range from 0.45 to 1.35. In this regard, a 35% increase in risk 
for PM compared with EM is still possible. In our study, the 
number of patients taking CYP2D6 inhibitors was low. However, 
this observation strengthens our results since inhibitors could not 
be a major confounding factor in our genotype-alone analyses. 
Furthermore, although patient-reported information on compli-
ance with their tamoxifen therapy was collected at each follow-up 
visit, blood samples were not collected, which prohibited measure-
ment of circulating endoxifen levels and objective assessment of 
compliance. These results pertain only to the UK patients in 
ATAC and only to postmenopausal women. However, genotype 
frequencies in the United Kingdom are similar to the rest of 
Europe and North America, and there is no reason to suspect a 
systematic bias in UK women compared with others who partici-
pated in ATAC (as noted in Table 1). Finally, our study did not 
have a “no-treatment” group to test whether patient genotype was 
predictive vs prognostic. But the anastrozole arm in this study 
served as a surrogate for no tamoxifen treatment.

In conclusion, in this large, randomized double-blind clinical trial, 
in which all assays were conducted without knowledge of outcome or 
treatment allocation, we were unable to detect a statistically signifi-
cant association between either CYP2D6 or UGT2B7 status and 
breast cancer outcomes for patients with hormone receptor–positive 
early-stage breast cancer treated with adjuvant tamoxifen. The 
CYP2D6 results from ATAC are very similar to those recently 
reported in a separate study performed by investigators of another 
registration trial, the Breast International Group (BIG) trial BIG1-98 
study (48), in which patients were assigned to tamoxifen or letrozole. 
Taken together, these represent a high level of evidence demon-
strating that CYP2D6 genotyping should not be recommended for 
such patients and that there is no need to avoid CYP2D6 inhibitors in 
postmenopausal patients taking tamoxifen. Data of equivalent quality 
are needed to provide greater certainty for premenopausal patients.
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