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Abstract Decreased CYP2D6 activity is associated with
lower levels of active tamoxifen metabolites. We examined
the impact of CYP2D6 genotype on tamoxifen pharma-
cokinetics, biomarker activity, and efficacy in a pooled
analysis of low-dose tamoxifen. Four randomized breast
cancer prevention trials of very-low-dose (1 mg/day,
n = 52 or 10 mg/week, n = 152) or low-dose tamoxifen
(5 mg/day, n = 171) were pooled. DNA from 367 subjects
was genotyped for CYP2D6 alleles associated with absent
(PM allele: *3, *4, *5, *6, *7, *8, *12, and *14), reduced
(IM allele: *9, *10, *17, *29, *41), normal (EM allele), or
increased (UM: *XN) enzyme activity. Associations of
tamoxifen, metabolites, activity biomarkers, and event-free
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survival with rapid (UM/EM, UM/IM, EM/EM, EM/IM, or
EM/PM alleles) versus slow metabolizers (PM/IM or PM/
PM) were investigated through random effects models,
with ‘study’ as the random factor, and Cox regression
models, adjusting for confounders. Rapid metabolizers had
higher endoxifen levels than slow metabolizers: 15.3 ver-
sus 12.2 ng/mL (P = 0.018) with 5 mg/day, and 3.8 versus
2.8 ng/mL (P = 0.004) with 1 mg/day or 10 mg/week
tamoxifen. The IGF-I decrease correlated with endoxifen
(P = 0.002) and 4-hydroxytamoxifen levels, demonstrat-
ing steeper decreases at higher metabolite levels
(P = 0.001). After a median follow-up of 12 years, rapid
metabolizers with prior history of breast neoplasms allo-
cated to tamoxifen 5 mg/day had a 60 % reduction of risk
of recurrences (HR = 0.40, 95 % CI: 0.16-0.99) compared
to slow metabolizers. CYP2D6 genotype may have an
impact on tamoxifen efficacy at low doses. Trials investi-
gating tamoxifen dose adjustments based on the woman’s
hormonal context and CYP2D6 genotype are warranted.

Keywords Breast cancer - Tamoxifen - Prevention -
CYP2D6 - Biomarkers - IGF-I - Pharmacogenetics

Abbreviation

40HTam 4-hydroxytamoxifen

40HNdesTam 4-hydroxy-N-desmethyltamoxifen, or
endoxifen

BMI Body mass index

EM Extensive metabolizers

HRT Hormone replacement therapy

IGF Insulin-like growth factor

M Intermediate metabolizers

IQR Interquartile ranges

NDDTam N-desdimethyltamoxifen

NDTam N-desmethyltamoxifen
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PM Poor metabolizers

SHBG Sex hormone-binding globulin
UM Ultrarapid metabolizers
Introduction

Tamoxifen is widely used as adjuvant treatment for women
operated for estrogen receptor-positive breast cancer, since
it effectively reduces the rate of recurrence and breast
cancer mortality [1]. In view of its well-understood side
effect profile and efficacy in preventing estrogen receptor-
positive breast cancer, tamoxifen has been adopted in the
prevention setting too, confirming its benefit also for high-
risk women [2]. Tamoxifen-specific adverse events are
venous thromboembolic events and endometrial cancers
which appear to be dose related [3, 4].

Our group has conducted several prevention trials
focusing on the assessment of the optimal dose, able to
maintain efficacy, while minimizing tamoxifen side effects.
Indeed, our studies indicate that tamoxifen may be reduced
to 5 or even 1 mg/day without a significant loss of its
antiproliferative activity on breast cancer, as assessed by
Ki-67 expression [5], whereas modulation of circulating
biomarkers linked to breast cancer risk followed a dose—
response relationship [5, 6]. Importantly, a dose of
5 mg/day showed no increased endometrial proliferation
compared with placebo [6].

The clinical effectiveness of tamoxifen varies among
individuals. Tamoxifen itself has weak affinity for the
estrogen receptor and undergoes considerable first-pass
oxidative metabolism to more potent metabolites, such as
4-hydroxytamoxifen and 4-hydroxy-N-desmethyltamoxifen
(endoxifen), by a multitude of cytochrome P450 (CYP)
enzymes. The rate-limiting step in tamoxifen metabolism is
mediated primarily by the highly polymorphic CYP2D6
[7].

Numerous studies have shown that CYP2D6 genetic
variants that lead to the absence of functional enzyme are
associated with lower concentrations of 4-hydroxytamox-
ifen and endoxifen [8]. Nevertheless, there is still consid-
erable controversy on the clinical relevance of CYP2D6
genotype as a predictor of tamoxifen efficacy at the stan-
dard dose of 20 mg/day. Nonfunctional alleles of CYP2D6
were reported to be associated with higher risk of breast
cancer recurrence [8—20] in breast cancer patients and
increased breast cancer incidence in unaffected women
[21], although other studies did not support such an asso-
ciation [22-25]. Evidence has emerged that may clarify
some of the causes of these conflicting results [26, 27],
including the criteria adopted for subject selection, source
of DNA, coverage of genetic variations, and circulating
concentrations of tamoxifen metabolites.
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Besides CYP2D6 genotyping, given that tamoxifen
metabolism also depends on a subjects’ clinical conditions,
body mass index (BMI), and menopausal status, an
approach would be to directly measure tamoxifen
metabolites [27] followed by dose adjustments, if needed.
The first study to report on an association between circu-
lating endoxifen levels and breast cancer outcomes sug-
gested a minimal threshold to obtain therapeutic effect [9].
The predictors of this high-risk group were CYP2D6
genotype, higher BMI, and lower tamoxifen concentra-
tions. It is reasonable to assume that CYP2D6 genotype
could have an even greater impact at low-dose tamoxifen
regimens. Here, we present the results from a pooled
analysis of four chemoprevention trials assessing very low
doses (1 mg/day, n = 52 or 10 mg/week, n = 152) or low
dose (5 mg/day, n = 171) of tamoxifen to investigate the
role of CYP2D6 pharmacogenetics on tamoxifen activity
through analysis of pharmacokinetics, modulation of breast
cancer risk biomarkers (IGF-I and SHBG), and efficacy on
breast neoplastic events.

Methods
Study population

This pooled analysis includes patients participating in four
different double-blind breast cancer prevention trials. The
study protocols were approved by the local institutional
review boards, and each participant gave her written
informed consent. The pooled analysis included patients
randomized to any tamoxifen dose. Three different low-
dose tamoxifen schedules were administered: 1 mg/day
(n=152), 10 mg/week (n=152), and 5 mg/day
(n = 171). Two studies included arms of low-dose
tamoxifen in combination with anastrozole [28] and fen-
retinide [29, 30]. The combination of these drugs did not
affect tamoxifen metabolite concentrations, nor the bio-
marker activity [28, 29].

Brief description of the four biomarker trials

S109: Postmenopausal women with breast intraepithelial
neoplasia were allocated to 10 mg/week tamoxifen alone
(n = 25), 1 mg/day anastrozole (n = 25), or in combina-
tion with 1 mg/day anastrozole (n = 25) for 12 months.
Main results have previously been published [28].

S52: Healthy postmenopausal women on HRT were
randomly assigned to tamoxifen 1 mg/day (n = 52),
tamoxifen 10 mg/week (n = 52), tamoxifen 5 mg/day
(n = 53), or placebo (n = 53) for 12 months. Main results
have previously been published [6].
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007: Premenopausal women with intraepithelial neo-
plasia, microinvasive disease, or 5-year Gail risk >1.3 %
were randomly allocated either to tamoxifen 5 mg/day
(n = 58), fenretinide 200 mg/day (n = 59), their combina-
tion (n = 60), or placebo (n = 58) for two years. Trial reg-
istration number CNR-IEO-007 web link: http://www.
cancer.gov/clinicaltrials/search/view?cdrid=305999 &ver
sion=HealthProfessional&protocols. Main results have pre-
viously been published [29].

S162: Premenopausal women with early estrogen
receptor-positive breast cancer (n = 50) were assigned to
tamoxifen 10 mg/week (n = 50), raloxifene 60 mg/day, or
placebo (n = 25) for 6 weeks before surgery. Trial regis-
tration number ISRCTN86894592; web link: www.isrctn.
com/ISRCTN86894592. Main results have previously been
published [31].

Sample collection and DNA extraction

Morning fasting blood samples were collected at baseline
and at different sampling intervals according to trial
design. The shortest interval of tamoxifen exposure was
6 weeks in trial S162, which showed drug levels similar to
12 months. The samples were stored at —80 °C until
assayed. Circulating concentrations of tamoxifen, its
metabolites, and biomarkers were determined on serum.
Genomic DNA was extracted from frozen whole EDTA-
treated blood samples with the QIAamp DNA Blood Kit
(Qiagen, Valencia, CA, USA), according to the manufac-
turer’s instructions, by the use of the automated Qiacube.
DNA concentration was adjusted to 20-70 ng/pl before

genotyping.
Genotyping and metabolic activity classification

The CYP2D6 genotyping was performed in a blinded fashion
by a fully automated multiplex analyzer, the INFINITI™
(AutoGenomics, Carlsbad, CA, USA), based on a detection
primer hybridization and extension method applying fluo-
rescent nucleotides. The analyses were performed according
to manufacturer instructions. INFINITICYP450 2D6T assay
(*2, *#3, *4, *5, *6, *9, *29, *41) was applied in 246 subjects
and CYP450 2DI assay in 121 subjects. The latter assay
additionally included CYP2D6*2A, *7, *8, *10, *12, *14,
*17, and *XN. According to the predicted enzyme activity,
the different alleles are categorized in four groups. Full
enzyme activity: *1 (wt), *2 (2850C>T; rs16947), *2A
(—1584 C>G; rs1080985); Null activity: *3 (2549delA;
1s35742686), *4 (1846G>A; rs3892097), *5 (CYP2D6
deleted), *6 (1707 delT; rs5030655), *7 (2935A>C;
rs5030867), *8 (1758G>T; rs5030865), *12 (124G>A;
rs5030862), *14 (1758G>A; 1rs5030865); Reduced activity:
*9  (2615-2617delAGG; 1s5030656), *10 (100C>T;

rs1065852), *17 (1023C>T rs28371706), *29 (1659G>A;
rs61736512), and *41 (2988G>A; rs28371725); Duplica-
tions: *XN: INFINITI does not establish how many dupli-
cates, nor which specific allele type. If the subject had fully
functional alleles in association with a duplication, we
assumed the patient was an ultrarapid metabolizer.

Phenotypes, or metabolic activity classification, were
assigned to subjects depending on the combination of the
two alleles, determining the overall genotype effect.
Women were classified into four different metabolic phe-
notypes according to predictive enzymatic activity, as
previously described [9, 32]. Women were defined as
extensive metabolizers (EM), if they had two fully func-
tional alleles or if they carried one reduced function alleles
or one nonfunctional allele in combination with a fully
function allele; intermediate metabolizers (IM), if they
carried two reduced function alleles or one reduced and one
nonfunctional allele, while poor metabolizers (PM) car-
ried two nonfunctional alleles; ultrarapid metabolizers
(UM) had fully functional alleles and a duplication.

Circulating biomarkers and tamoxifen metabolites

Serum insulin-like growth factor-I (IGF-I) and sex hor-
mone-binding globulin (SHBG) were determined, as pre-
viously described [29, 30].

A high-pressure liquid chromatography—tandem mass
spectrometry system was used to determine tamoxifen and
its metabolites in serum [33, 34]. The assay was modified
to improve the sensitivity by changing the API 2000/Qtrap
mass spectrometry system from Applied Biosystems (AB
MDS Sciex, Concord, Canada) to the API 4000, equipped
with TurbolonSpray. In this method, N-desmethyl-o-hy-
droxytamoxifen, N-desmethyl-3-hydroxytamoxifen, o-hy-
droxytamoxifen, 3-hydroxytamoxifen, and the isoforms E
and Z of endoxifen and 4-hydroxytamoxifen were not
determined. This may result in some overestimation of
endoxifen and 4-hydroxytamoxifen [35]. Tamoxifen citrate
and 4-hydroxytamoxifen were purchased from Sigma-
Aldrich (Steinheim, Germany); the internal standard
deuterated 5-tamoxifen (D5Tam) and tamoxifen-N-oxide
(TamNox) from Beta Chem Inc. (Kansas, USA), and
endoxifen from Sintef Materials and Chemistry (Oslo,
Norway). N-desmethyltamoxifen (NDTam) and N-des-
dimethyltamoxifen (NDDTam) were gifts from the Phar-
maceuticals Division of Imperial Chemical Industries PLC
(Macclesfield, UK).

Statistical analysis
This paper describes a pooled analysis of individual

patients data from four randomized clinical trials. Median
values, interquartile ranges, and results from nonparametric
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Wilcoxon tests were presented to investigate differences in
biomarker levels and metabolites according to dose arms
(1 mg/day or 10 mg/week vs 5 mg/day) and CYP2D6
metabolic status (‘Impaired or poor’ vs ‘normal or ultra-
rapid’ metabolizers). Between-study heterogeneity of fre-
quencies of CYP2D6 metabolic status was checked with
Chi-square tests. Circulating biomarkers were investigated
as continuous variables, evaluating changes in time.
Changes from baseline of biomarkers and differences of
tamoxifen metabolites by CYP2D6 metabolic status were
analyzed through random effects models, for each treat-
ment groups, with ‘study’ as random factor, and adjusting
for baseline values (for biomarkers), age, BMI, and disease
status when significant (PROC MIXED, SAS). The validity
of the assumptions of the analysis was checked using
residual plots from saturated models.

We evaluated the association of CYP2D6 metabolic
status with breast cancer events during follow-up among
subjects at high risk, i.e., history of prior intraepithelial
neoplasia or minimally invasive disease, pTla. Time to
death and time to breast recurrence were defined as the
time from study entry until the event of interest. All
patients alive or free of disease at last follow-up date were
considered right censored. Kaplan—-Meier curves of Dis-
ease-Free Survival and Cox proportional hazards models
adjusted for ‘study’ and relevant confounders were pre-
sented to assess the association of CYP2D6 metabolic
status, adjusted for confounder. All statistical tests were
two-sided, and P < 0.05 was considered statistically
significant.

The statistical analyses were performed with the Sta-
tistical Analysis System Version 9.2 (SAS Institute, Cary,
NO).

Results and discussion
Overall study Flow

A flow diagram of participants included in the pooled
analysis is presented in Fig. 1. Blood draw was performed
at baseline and at different time intervals according to
study design. A total of 375 women were randomized to
tamoxifen at three different low-dose regimens. Because
we already know that the addition of 1 mg/day anastrozole
to 10 mg/week tamoxifen does not affect tamoxifen phar-
macokinetics [28], likewise the combination of
200 mg/day fenretinide to 5 mg/day tamoxifen [29], we
also included these arms into the pooled analysis. Consent
for genotyping was obtained from 368 participants, and
367 were successfully genotyped. Of these subjects, 322
had detectable serum concentrations of tamoxifen at fol-
low-up blood draw.
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Patient characteristics

Baseline characteristics of subjects are illustrated in
Table 1. We grouped women randomized to either 10 mg/
week or 1 mg/day into the very-low-dose group since drug
levels were similar, whereas women allocated to tamoxifen
5 mg/day were defined as the low-dose group. The latter
were younger (median age 49 years) than women in the
former group (median age 54 years).

Genotype profiles

The allele frequencies are presented in appendix 1. All
subjects were Caucasians with European descent. All
subjects consenting for DNA analysis were successfully
genotyped, except for one woman in whom DNA was re-
extracted from another blood aliquot, but neither the
INFINITI assay nor the Taq Man assay detected the
genotype, pointing to a genetic alteration that hampered
primer ligation. The allele frequencies of CYP2D6%2, *2A,
*4, and *41 were in Hardy—Weinberg Equilibrium (HWE).
The frequencies of the other variants were too rare in
relation to sample size to estimate HWE. CYP2D6*7, *12,
*14, *17, *29 were not represented in our population
(Supplementary table S1). According to the combination of
alleles, the predictive phenotype distribution was as fol-
lows: 268 extensive metabolizers, 70 intermediate metab-
olizers, 23 poor metabolizers, and 6 ultrarapid
metabolizers.

Serum concentrations of tamoxifen and its
metabolites by CYP2D6

To analyze the effect of CYP2D6 genotypes on serum
concentrations of tamoxifen and metabolites according to
tamoxifen dose, we grouped women with impaired or poor
metabolic status into “slow metabolizers” and compared
them with extensive or ultrarapid (“rapid”) metabolizers.

Between-study heterogeneity of frequencies of CYP2D6
metabolic status was not significant (Chi Square P = 0.44),
nor was between-dose heterogeneity (P = 0.13).

Serum concentrations of tamoxifen and its metabolites
are presented according to tamoxifen dose (1 mg/day or
10 mg/week vs 5 mg/day) in Table 2. Subjects being
compliant at blood draw were included (tamoxifen con-
centration > 0 ng/mL, n = 322). An important point is
timing between the last pill intake and date of blood draw:
For the 1 mg/daily and 5 mg/daily doses, the last pill was
taken the night before or early in the morning, the same day
of blood draw, whereas concerns the 10 mg/weekly dose,
the time elapse was longer, usually between 5-7 days.
Considering that the steady-state concentrations for
tamoxifen are achieved in about 4 weeks and that the most
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Studies pooled:
007, S109, S52, S162
Total: 645 subjects

Subjects excluded:
Placebo arms: 136

Fenretinide 200 mg/day: 59
Anastrozole 1 mg/day: 25
Raloxifen 60 mg/day: 50

Randomized to any tamoxifen arm:

n=375
Tamoxifen 5 mg/day: Tamoxifen 10 mg/week: Tamoxifen 1 mg/day:
n=171 n=152 n=52

No CYP2D6 genotype:
Sample missing: 7 —
Genotyping failure: 1

n=163

Fig. 1 Participant flow diagram

abundant metabolite, = N-desmethyltamoxifen, main
CYP2D6 substrate, has a half-life of approximately
2 weeks, the time elapse of 5-7 days appear less critical.
At the very low doses (1 mg/day or 10 mg/week), the
metabolite levels appear to be proportionally similar. In the
S52 dose-ranging trial [6], after 12 months tamoxifen at
1 mg/day (n = 40), unadjusted mean serum concentration
of tamoxifen was 6.1 and 2.9 ng/ml of endoxifen, while
with 10 mg/week (n = 41), mean levels were 8.4 and
3.7 ng/ml, respectively (unpublished results). Furthermore,
we did not find any relevant difference in treatment dura-
tion in this pooled analysis. Comparing serum concentra-
tions of endoxifen and other metabolites in different
settings with 10 mg tamoxifen/week, 6-week [31] and
12-month [28] treatment showed similar results. Specifi-
cally, considering the 6-week tamoxifen administration in
the presurgical trial S162 (n = 45 premenopausal breast
cancer patients), the mean serum concentrations of
tamoxifen were 9.5 ng/ml and endoxifen 3.5 ng/ml, thus
very similar to the S52 trial.

We detected higher concentrations of N-desmethylta-
moxifen in slow versus rapid metabolizers, pointing to an
accumulation of the metabolite in these subjects. The

difference reached statistical significance at the very-low-
dose tamoxifen, where the median level was 20 ng/ml in
slow metabolizers versus 16 ng/ml in rapid metabolizers
(P = 0.007). Rapid metabolizers had higher endoxifen
levels than slow metabolizers: 15.3 versus 12.2 ng/mL
(P =0.018) with 5 mg/day and 3.8 versus 2.8 ng/mL
(P =0.004) with 1 mg/day or 10 mg/week tamoxifen
(Fig. 2).

Serum concentrations of insulin-like growth factor-I
and sex hormone-binding globulin according
to tamoxifen dose and composite genotype

Tamoxifen 5 mg/day has a favorable effect on IGF-I [29]
and SHBG [30], with a decrease in IGF-I and an increase in
SHBG, while the very low doses did not significantly
modulate these biomarkers in this pooled analysis (data not
shown). The change in IGF-I levels correlated strongly and
inversely with the circulating concentrations of endoxifen
(Fig. 3, panel A, 4OHNdesTam; P = 0.002), and 4-hy-
droxytamoxifen (Fig. 3, panel B, 4OHTam; P = 0.001),
demonstrating steeper decreases in IGF-I at higher levels of
active metabolites. Five women had falls in IGF-I levels of
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Table 1 Participant

charact'eristics at ba'seline fl zg{ggy jl I:gé((i) 4or 10 mg/week
according to tamoxifen dose
Age 49 (44-52) 54 (50-57)
Menopausal status
Premenopause 111 50
Postmenopause 52 154
BMI 0.23 (0.22-0.26) 0.24 (0.21-0.26)
Age at menarche
<12 yrs/ 81 (49.7 %) 93 (45.6 %)
>12 yrs/unknown 82 (50.3 %) 111 (54.4 %)

Parity
Nulliparous/parous/unknown
Family history first-deg relative*

No

Yes

Unknown
HRT

Never

Former

De novo

Current
No history of breast neoplasms
Lobular intraepithelial neoplasia
Ductal intraepithelial neoplasia
Microinvasive breast cancer**
Invasive breast cancer®**
Baseline serum IGF-I (ng/mL)
Baseline serum SHBG (nmol/L)

19 (11.7 %)/143 (87.7 %)/1 (0.6 %)

33 (16.1 %)/171 (83.9 %)/0

72 (44 %) 87 (43 %)
39 (20 %) 13 (6 %)

52 (36 %) 104 (51 %)
111 (68 %) 77 (38 %)

0 (0 %) 23 (11 %)
42 %) 16 (8 %)

48 (30 %) 88 (43 %)

74 104

15 3

63 47

2 0

9 50

131 (108; 168) 117 (90; 153)
77 (54; 110) 65 (46; 94)

Age and BMI are reported as median and 1Q ranges

* At least first-degree relative

** The extension of cancer cells were beyond the basement membrane into the adjacent tissues with no
focus more than 0.1 cm in greatest dimension

*#% Histologically confirmed ER + primary breast cancer, stage T1-2, NO-1, MO

over 100 ng/ml. These presented with quite high levels at
baseline. Our experience is that the fall in IGF-I by
tamoxifen tends to be steeper in subjects having higher
baseline levels. The IGF-I levels tend to rise to baseline
values after treatment cessation (Supplementary table S2).
As opposed to IGF-I, the SHBG increase was independent
of circulating endoxifen levels (not shown). The CYP2D6
phenotype alone did not predict tamoxifen ability to lower
circulating levels of IGF-I (Supplementary table S3) nor
SHBG.

Role of CYP2D6 composite genotype on low-dose
tamoxifen efficacy on recurrence

In two studies, S109 and 007, patients had been followed

up for a median time of 11 years, so that we were able to
investigate the predictive value of CYP2D6 genotype on

@ Springer

low-dose tamoxifen prevention efficacy in women who had
an intraepithelial neoplasia and were allocated either to
10 mg/week tamoxifen (n = 50) or tamoxifen 5 mg/day
(n = 118). Rapid metabolizers with prior history of breast
neoplasms (n = 118) had 32 (27 %) second breast events,
whereas slow metabolizers (n = 19) had 8 (42 %) second
breast events, accounting for a 52 % borderline significant
reduction (HR = 0.48, 95 % CI, 0.22-1.05; P = 0.06
adjusted for study). Since there was an indication for a
between-study heterogeneity (P value for study = 0.07),
we investigated also the 007 trial alone, and with 5 mg/day,
the risk reduction was similar but even stronger, with a
60 % risk reduction (HR = 0.40; 95 % CI, 0.16-0.99;
P = 0.046 adjusted for age, Fig. 4).

There was no significant association between endoxifen
levels and breast neoplastic events in the trial 007. Out of
24 women with endoxifen levels below the lower quartile
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Table 2 Median and interquartile ranges (IQRs) of serum concentrations of tamoxifen and its metabolites according to CYP2D6 metabolic

status (slow vs rapid) and tamoxifen treatment dose (very low vs low)

Tamoxifen metabolite 1 mg/day or 10 mg/week 5 mg/day
Rapid metabolizers Slow metabolizers P value  Rapid metabolizers Slow metabolizers P value
(n = 143) (n = 40) (n=118) (n=21)
Tamoxifen (ng/mL) 7.32 (5.23-10.20) 7.65 (5.57-11.75) 0.361 25.56 (19.05-32.31)  24.80 (20.34-38.36)  0.969
Endoxifen (ng/mL) 3.77 (2.78-4.82) 2.81 (2.25-3.70) 0.004 15.34 (12.32-19.88)  12.21 (9.88-14.97) 0.018
40HTam (ng/mL) 0.34 (0.23-0.57) 0.32 (0.19-0.65) 0.744 1.07 (0.74-1.55) 0.84 (0.46-1.29) 0.370
NDTam (ng/mL) 16.22 (12.10-22.31)  20.78 (13.76-28.09)  0.007 58.40 (45.03-76.91)  66.22 (46.46-78.60)  0.115
NDDTam (ng/mL) 2.45 (1.69-3.00) 2.15 (1.38-2.79) 0.407 9.64 (7.12-11.73) 7.40 (4.83-10.86) 0.082

P values from random effects models adjusted for age and BMI with ‘study’ as random factor

20 M Rapid

18 metabolizers

Slow P=0.018

16 metabolizers

14

12

10

8

6 P=0.004

4

" I

0

1 mg/day or 10mg/week 5 mg/day

Fig. 2 Median serum concentrations of endoxifen according to
CYP2D6 phenotype of 1 mg/day or 10 mg/week as compared to
the 5 mg/day group. P-value from random effect models, adjusting
for age and BMI and ‘study’ as random factor

(<12.3 ng/mL), 33 % developed a second breast neoplasm,
compared to 30 % among 73 women having endoxifen
levels above the lower quartile (>12.3 ng/mL, Chi square
P =0.5).

Discussion

The activity of tamoxifen is considered to reside in its
conversion to the more active metabolites having greater
binding affinity for the estrogen receptor along with their
potent inhibitory effects on breast cancer cell proliferation
[36]. The broad interindividual variability in serum con-
centrations of tamoxifen and its metabolites is well docu-
mented [37] and provides an opportunity for a personalized
treatment dose of tamoxifen based upon clinical context,
metabolic state, and genetic features, including CYP2D6
profiling. Lower doses of tamoxifen have been used in an
attempt to reduce risks while retaining benefits in the
prevention setting [5].

Pooling four different low- (5 mg/day) or very-low-dose
(1 mg/day or 10 mg/week) tamoxifen breast cancer pre-
vention trials enabled us to gain insight into the associa-
tions of CYP2D6 genotype at different low-dose tamoxifen
regimens, demonstrating that CYP2D6 composite genotype
impacts on circulating tamoxifen metabolites even at low-
dose tamoxifen.

The minimal active dose of tamoxifen in breast cancer
prevention is still a matter of debate. Observational studies
indicate that low-dose tamoxifen is effective in preventing
recurrence of highly endocrine ductal neoplasia [38].
Findings from our window-of-opportunity presurgical trial
point to 5 mg/day or even 1 mg/day as the minimal dose
required to retain a sufficient inhibitory activity on breast
cancer proliferation, while limiting its adverse side effects
[5]. Conversely, several circulating breast cancer risk
biomarkers follow a dose-response relationship with
tamoxifen and its metabolite levels [37], including IGF-I
and SHBG [5]. We observed a direct association between
serum concentrations of endoxifen and IGF-I decrease.
Still, the CYP2D6 phenotype did not independently predict
tamoxifen effect in decreasing circulating levels of IGF-I.
There were differences between trials that may have con-
tributed to variability in IGF-I levels. Specifically, women
taking the 5 mg/day dose of tamoxifen were younger and
more often premenopausal and thus naive from hormone
replacement therapy (68 %). They had higher baseline
levels of IGF-I and SHBG compared to the very-low-dose
group. Sex steroids, including exogenous hormone
replacement therapy, are known to enhance the IGF system
and increase SHBG, which could in part mask the effect of
tamoxifen on IGF-I and SHBG [39, 40].

Importantly, the CYP2D6 composite genotype predicted
efficacy of low-dose tamoxifen in preventing second breast
neoplasms. With the 5 mg/day dose, tamoxifen attained a
60 % reduction of recurrence in rapid metabolizers com-
pared to slow metabolizers. At randomization, the majority
of these unaffected premenopausal women had high
endogenous estradiol concentrations, characteristic of an
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«Fig. 3 Correlations between serum IGF-I change after tamoxifen
treatment by endoxifen concentrations (panel A, 4OHNdesTam) and
4-hydroxytamoxifen concentrations (panel B, 4OHTam). Regression
line indicates predicted values from random effect models, adjusting
for age and BMI and ‘study’ as random factor

active ovarian cycle [31]. Since tamoxifen is a selective
estrogen receptor modulator with antagonistic activity in
breast tissue, circulating estrogens are obvious competitors
of tamoxifen metabolites for the estrogen receptor. Addi-
tionally, Lien et al. recently reported that circulating levels
of tamoxifen and metabolites are lower in premenopausal
women than in postmenopausal women [27]. These aspects
may contribute to a potentially greater impact of the
CYP2D6 genotype on estrogen-dependent cancer growth in
premenopause women, as higher levels of active metabo-
lites are expected to be needed to effectively decrease
estrogen receptor-dependent proliferative activity of the
breast. In prevention of postmenopausal breast cancer in
women of normal weight and low serum estrogens, even a
very-low-dose tamoxifen might be considered for CYP2D6
rapid metabolizers. This hypothesis is strengthened by the
evidence coming from case—control studies nested in pre-
vention trials [22] and adjuvant trials [23, 24], reporting a
lack of a clinical significance of CYP2D6 genotype in
predicting tamoxifen response in postmenopausal women.

Furthermore, a Swedish study [10] reported an effect on
recurrence mainly in premenopausal patients. In a case—
control study nested within the Italian chemoprevention
trial of tamoxifen 20 mg daily, we previously reported an
association between the CYP2D6 *4/*4 genotype and
breast cancer risk [21]. Furthermore, the efficacy of
tamoxifen in preventing breast cancer in that trial was
greater in hormone replacement users [41] and high-risk
women [42].

It is of note that although CYP2D6 genotype predicted
efficacy of low-dose tamoxifen, we did not observe any
significant association between endoxifen levels and breast
neoplastic events. Several hypotheses can be advanced.
Tamoxifen accumulates in adipose and breast tissue, and
CYP2D6 is metabolically active not only in the liver, but
also in breast tissue. It is possible that at low doses of
tamoxifen, methods for detecting tamoxifen metabolites
may not have sufficient sensitivity to detect differences at
low concentrations of tamoxifen. Thus, any potential dif-
ferences due to individual metabolic characteristics tend to
flatten at these low ranges of endoxifen, and the statistical
power to detect them is insufficient.

Our study indicates that the CYP2D6 genotype do
influence metabolite levels and may affect the preventive
efficacy of low doses of tamoxifen. Low-dose tamoxifen in
breast cancer prevention is safe and active among CYP2D6
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rapid metabolizers and further supports the use of
5 mg/day in the prevention setting. This dose might be
better tolerated with regards to menopausal symptoms like
hot flashes, endometrial polyps, and other menopausal
symptoms than the standard dose of 20 mg/day [43].
Whereas the weekly dose of tamoxifen slightly increased
endometrial thickness, the 5 mg/day dose was not associ-
ated with an increase in endometrial proliferation as
assessed by Ki-67 compared to placebo [6]. To validate our
findings, CYP2D6 genotype is being analyzed within two
phase III placebo-controlled trials of tamoxifen at
5 mg/day [44, 45]. Theoretically, a personalized preventive
treatment would entail a different dose according to the
CYP2D6 composite genotype, such as 5 mg/day tamoxifen
to rapid metabolizers and a higher tamoxifen dose, or a
different compound (e.g., an aromatase inhibitor) in slow
metabolizers.

Although our study includes a relatively small sample
size, a strength is that all four trials were designed and
conducted at our Institution, and participant adherence to
study protocol was very high. The pooled analysis enabled
us to gain statistical power that could not be obtained in the
single trials because poor metabolic status is not frequent
enough. Furthermore, three different tamoxifen doses were
adopted in one of the trials.

In conclusion, our analysis of four randomized low-dose
tamoxifen breast cancer prevention trials yields the first
evidence of an association between CYP2D6 composite
genotype and circulating levels of 4-hydroxylated tamox-
ifen metabolites at 5 mg/day, or even 1 mg/day of
tamoxifen. A clinically relevant finding was that CYP2D6
composite genotype may increase the preventive efficacy
of low doses of tamoxifen. Trials investigating tamoxifen
dose adjustments based on the woman’s hormonal context
and CYP2D6 genotype are warranted.
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