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Abstract

Aim—Tamoxifen biotransformation to endoxifen, a potent antiestrogen, is catalyzed by CYP2D6.
In addition, CYP2C19 and SULT1A1 have also been implicated in the metabolism of tamoxifen.
We sought to evaluate the importance of SULT1A1 copy number and CYP2C19*17 on disease-
free survival (DFS) in postmenopausal women randomized to tamoxifen monotherapy in North
Central Cancer Treatment Group 89-30-52 from January 1991 to April 1995.

Materials & methods—We extracted DNA from paraffin-embedded tumors and determined
tumor SULT1AL copy number and CYP2C19*17 genotype. The association of genotype with DFS
was determined using the log-rank test. Multivariate cox modeling was performed using
traditional prognostic factors, as well as CYP2D6 genotype. SULT1A1 copy number and
CYP2C19*17 genotype was determined in 190 out of 256 patients (95% Caucasian).

Results—The median follow-up for living patients was 14 years. DFS did not differ according to
SULT1A1 copy number (p = 0.482) or CYP2C19*17 genotype (p = 0.667). Neither SULT1AL copy
number or CYP2C19*17 genotype was associated with disease recurrence in this cohort.

Conclusion—Future studies are needed to identify whether other genetic and environmental
factors which affect tamoxifen metabolism are associated with tamoxifen clinical outcomes.
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Tamoxifen is a selective estrogen receptor (ER) modulator utilized for the treatment and
prevention of ER-positive breast cancer. The risk of recurrence and mortality of breast
cancer is reduced by nearly a half and a third, respectively, when women with ER-positive
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breast cancer are treated with tamoxifen [1]. Many enzymes are important in tamoxifen
metabolism. The parent drug, tamoxifen, is converted in to N-desmethyl-tamoxifen, 4-
hydroxy (4-OH) tamoxifen, and endoxifen (4-hydroxy-N-desmethyl tamoxifen) by the
action of several CYP enzymes, including CYP2D6 (Figure 1) [2-6]. Tamoxifen is
inactivated by glucuronidation through UGT2B15 and UGT1A4, and through sulfation,
SULT1AL (Figure 1) [7,8].

Endoxifen is the most abundant active metabolite of tamoxifen. Its steady-state plasma
concentrations are five- to ten-fold higher than 4-OH tamoxifen, yet it is identical to 4-OH
tamoxifen in its ER-binding affinity and ability to suppress estradiol-stimulated cell
proliferation [2,6,9,10]. However, recent data demonstrated that the mechanism of action of
these two selective estrogen receptor modulators may differ, given that unlike 4-OH
tamoxifen or the parent drug tamoxifen, endoxifen uniquely targets ERa for proteasomal
degradation [11].

Genetic and environmental variation in drug metabolizing enzymes, particularly CYP2D6,
has an effect on tamoxifen biotransformation and efficacy. Compared with women with
normal or increased CYP2D6 activity, endoxifen concentrations are significantly reduced in
women with low CYP2D6 activity [6,10]. Considering the adjuvant therapy setting, there
have been conflicting data regarding the association between impaired CYP2D6 metabolism
(either genotype and/or drug inhibitor use) and tamoxifen treatment outcome [12-21]. This
heterogeneity is well illustrated in the data recently presented from three large adjuvant
clinical breast cancer trials. While no association of CYP2D6 genotype with breast cancer
recurrence was observed in the Arimidex, Tamoxifen, Alone or in Combination (ATAC)
and the Breast International Group (BIG) 1-98 clinical trials [14,15], CYP2D6 genotype was
associated with an increase in the odds of breast cancer recurrence in the Austrian Breast
and Colorectal Cancer Study Group (ABCCSG) 8 trial [22]. However, this was only
observed in patients that received tamoxifen monotherapy, and not in those that received
anastrozole following tamoxifen [22]. The latter finding suggests that crossover to an active
drug not metabolized by CYP2D6 (anastrozole) may affect the association between CYP2D6
genetic variation and tamoxifen clinical outcome. In addition, it should be noted that there
are substantial differences in many of the published studies with regard to study population,
study design or variability in assignment of CYP2D6 genotype and/or metabolizer status.

Although many studies have focused on the impact of CYP2D6 genetic variation and clinical
outcome, few have considered the role of genetic variation in other enzymes mediating
either endoxifen generation or inactivation. Recent studies have suggested that, in addition
to CYP2D6, genetic variation in genes encoding drug-metabolizing enzymes, such as
CYP2C19 and SULT1AL, may be associated with treatment outcome [16,23]. Recently, new
variants of CYP2C19 have been identified, including CYP2C19*17 [24]. This variant is
characterized by two SNPs in the 5'-flanking region of the gene, which are in tight linkage
disequilibrium, resulting in higher enzyme activity. The extent of the increased activity and
the clinical impact of this variant has been controversial [25]. Several studies have observed
an increase in tamoxifen metabolites and better clinical outcomes associated with the variant
allele, and some studies have found no difference from the wild-type [16,18,26]. In the case
of patients with decreased CYP2D6 activity, in principle, increased CYP2C19 activity with
the *17 variant may be able to compensate; however, studies investigating the combination
of CYP2D6 and CYP2C19*17 genotype in tamoxifen metabolism and testing this hypothesis
are scant presently.

We recently discovered that the SULT1A1 liver enzyme activity was highly correlated with
SULT1A1 copy number, which explained the majority of the variation in SULT1AL in vitro
activity after considering all known sources of SULT1AL genetic variation (e.g.,
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SULT1A1*2) [27]. Previous studies have not identified an association between SULT1Al
SNPs and clinical outcome; therefore, we sought to evaluate the potential association
between SULT1A1 copy number and survival in women enrolled in North Central Cancer
Treatment Group (NCCTG) 89-30-52 who were treated with tamoxifen monotherapy
[21,26,28]. In addition, we sought to determine the association between the CYP2C19*17
allele with clinical outcome — with our entire cohort, as well as the subset of patients with
impaired CYP2D6 activity.

Materials & methods
Patient samples (NCCTG 89-30-52)

Genotyping

The North Central Cancer Treatment Group conducted a randomized Phase I11 clinical trial
in postmenopausal women with resected ER-positive breast cancer to assess the addition of
fluoxymesterone to tamoxifen in year 1 of the first 5 years of adjuvant therapy (NCCTG
89-30-52). Details and results from this trial have been reported elsewhere [29]. Briefly, this
study enrolled postmenopausal women of any age with T1cNgMg or ToNgMg and women 65
years of age or older with a tumor stage T{N1Mg or T2N1Mg. The invasive breast tumor
must have been positive for ER by a standard biochemical assay (= 10 fmol/mg cytosol
protein) or by immunohistochemistry. Patients were surgically treated with either a modified
radical mastectomy or breast conservative therapy, including lumpectomy, axillary nodal
dissection, and radiation therapy. A paraffin-embedded tumor block was submitted to the
NCCTG operations office. From January 1991 to April 1995, 541 women were enrolled.
Our current study utilized the 256 women randomized to the tamoxifen-only arm. The study
was approved by the institutional review board of the Mayo Clinic (Rochester, MN, USA)
and the individual NCCTG sites that enrolled patients onto the clinical trial.

For each patient, three 10-um thick tissue sections were prepared from a block of their
formalin-fixed paraffin-embedded breast tumor and the entire paraffin section was scraped
from the slides, and DNA extracted using a modification of the method utilized by Schroth
etal. [17].

SULT1A1 copy number genotype was determined by quantitative multiplex PCR as
described previously [27]. In brief, PCR was performed with primers that co-amplified a
212-bp fragment spanning exons 3 and 4 of SULT1A1 and a 208-bp fragment within
SULT1A2. The amplicons were separated by size and quantitated on an Applied Biosystems
3730 (Carlsbad, CA, USA). The peak height, corresponding to quantity, for both the 208-bp
fragment (SULT1A1) and the 212-bp fragment (SULT1A2) were measured using
GeneMarker® version 1.51 (SoftGenetics, PA, USA), and the ratio between the peak heights
determined copy number.

CYP2C19*17 (—806C>T) was genotyped by first amplifying an approximately 360-bp
segment in the promoter region of CYP2C19 and then sequencing in both the forward and
reverse directions. Sequence chromatograms for each sample were analyzed using Mutation
Surveyor version 3.12 (SoftGenetics) and comparing to a reference sequence (NT_030059).
Samples were characterized as homozygous wild-type, heterozygous or *17/*17 at the —806
locus.

Statistical analysis

The primary aim of this study was to assess whether disease-free survival (DFS) differed
with respect to SULT1A1 copy number or CYP2C19*17 genotype. DFS was defined as the
time from randomization to documentation of the first of the following events: local,

Pharmacogenomics. Author manuscript; available in PMC 2012 September 1.



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

1duasnuey Joyiny vd-HIN

Moyer et al.

Results

Page 4

regional or distant recurrence, contralateral ductal carcinoma in situ or breast cancer, other
nonbreast invasive second primary cancers, or death from any cause. Patients who were
alive without any of these events were censored at the date of their last disease evaluation.
The log-rank test and the generalized Wilcoxon tests were utilized to assess whether DFS
differed with respect to genotype. Multivariate cox modeling was performed to examine the
strength of association between genotype and DFS after adjusting for traditional prognostic
factors. As SULT1A1 activity has been shown to be similar among patients with more than
two gene copies [27] and less than 5% of the study cohort had one gene copy, we chose to
examine whether clinical outcome differed between those with two or fewer gene copies and
those with more than two gene copies.

In addition, the impact of SULT1A1 copy number and CYP2C19*17 genotype on DFS was
assessed in the subset of patients with impaired CYP2D6 metabolism, defined as those with
a reduced (*10, *17 and *41) or null (*3, *4 and *6) allele or any patient taking a weak or
potent CYP2D6 inhibitor, as described previously [30].

Paraffin-embedded tumor blocks from primary surgical specimens were available from 223
out of the 256 women randomized to the tamoxifen-only arm of NCCTG 89-30-52. The
study cohort consists of the 190 women for whom DNA extraction and genotyping was
successful for either SULT1A1 copy number, CYP2C19*17 or both. The pretrial
characteristics of the study cohort and the 66 women enrolled onto NCCTG 89-30-52 who
lacked genotype data are listed in Table 1. Tumor size in the 66 women who lacked
genotype data tended to be smaller (<3 cm in size) compared with those with genotype data
(Fisher’s exact p = 0.053).

The median length of follow-up among the 86 women still living was 14.3 years (range:
5.7-18.7 years). At the time of writing, 70 women were alive without a disease event, four
were alive with disease progression, 12 were alive with second primary disease, 38 had died
following disease progression, 15 died following development of a second primary disease,
two committed suicide, 32 died of other causes without disease progression and 17 died of
unknown causes.

SULT1A1 and CYP2C19*17 genotyping was successful in 169 and 170 cases, respectively.
The observed SULT1A1 copy numbers were one copy (4.1%), two copies (67.5%), three
copies (19.5%) and four or more copies (8.9%). The CYP2C19*17 minor allele frequency
was 22%, and the observed phenotypes were wild-type (wt)/wt (64.1%), wt/*17 (28.2%) and
*17/*17 (7.6%). The genotype frequencies for CYP2C19*17 were in Hardy—Weinberg
equlibrium.

In a univariate analysis, DFS was not found to differ with respect to SULT1A1 copy number
(>2 vs <2), p = 0.482 (Figure 2), or with respect to CYP2C19*17 genotype (wt/wt vs wt/*17
and *17/*17), p = 0.667 (Figure 3). In addition, after adjusting for tumor size and nodal
status, neither SULT1A1 copy number (adjusted hazard ratio [HR]: 1.18; 95% CI: 0.76—
1.83), nor CYP2C19*17 genotype was found to be associated with DFS (HR: 0.93; 95% CI:
0.64-1.37). In the subset of patients with impaired CYP2D6 activity, DFS was not found to
differ with respect to SULT1A1 copy number (>2 vs <2, p = 0.198, n = 98) or CYP2C19*17
genotype (p = 0.871, n = 100). This finding held after adjusting for tumor size and nodal
status (SULT1A1, HR: 1.2, 95% CI: 0.66-2.11; CYP2C19*17, HR: 0.97; 95% CI: 0.59-
1.59).
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Discussion & conclusion

Using samples from patients randomized to tamoxifen monotherapy in NCCTG 89-30-52, in
which the median follow-up for living patients is 14 years, we performed SULT1A1 copy
number and CYP2C19*17 genotyping to determine whether these genetic variants were
associated with the clinical outcome of disease-free survival. This study expands our
previous CYP2D6 work to a more comprehensive study of the role of genetic variation in
tamoxifen metabolism. In our earlier reports [30,31], which were recently updated in the
context of a much larger cohort [32] of women with ER positive breast cancer treated with
tamoxifen who underwent comprehensive CYP2D6 genotyping [17], there was a significant
association between CYP2D6 genotype/phenotype and DFS. However, we found no
association between CYP2C19*17 or SULT1A1 copy number and DFS in this study, either
in the entire cohort or in those with impaired CYP2D6 metabolism.

SULT1AL copy number, which we have found to be highly associated with SULT1A1
activity, was predicted to potentially be a biomarker for tamoxifen response because it
metabolizes 4-OH tamoxifen and endoxifen, resulting in inactivation of the 4-OH
metabolites. Therefore, in principle, high SULT1ALl activity could result in decreased
activity and concentrations of the active metabolites of tamoxifen. While previous studies
have not demonstrated a consistent association between SULT1A1 SNPs and tamoxifen
clinical outcome [18,21,23], no studies have evaluated the association between SULT1A1
copy number with DFS in tamoxifen-treated patients [18,19,21,23,26,28]. In this study, we
did not identify an association between SULT1A1 copy number and DFS, either in the entire
group or the subset with impaired CYP2D6 activity. While our data suggest that we can rule
out a large difference in DFS based on SULT1A1 copy number (i.e., HR > 1.8), further
studies with larger sample size and ability to subset patients by CYP2D6 activity would be
required to reveal small differences in outcome based on SULT1AL, if there is an effect.

CYP2C19 was predicted to be an important biomarker for response to tamoxifen because it
has similar in vitro activities to CYP2D6 and can also catalyze the conversion of tamoxifen
to endoxifen [33]. CYP2C19*17 has a relatively high minor allele frequency (24%) in
individuals of European descent and results in ultra-rapid metabolism. Findings from the
subset of women in our cohort with impaired CYP2D6 metabolism did not provide evidence
to suggest that the CYP2C19*17 polymorphism is associated with DFS in this subgroup.
However, similar to our findings with SULT1A1 copy number, a much larger patient cohort
would be necessary to identify a small effect size of CYP2C19 genotype and to fully
elucidate the interplay of CYP2D6 and CYP2C19 genetic variation. While proton pump
inhibitors are known to influence CYP2C19 enzyme activity, and therefore may affect
tamoxifen metabolism, patients in this study were enrolled in the pre-proton pump inhibitor
era, so it is unlikely to impact our findings. Finally, a recent study by Gjerde et al.
demonstrated an association between CYP2C19 genotype and not only tamoxifen metabolite
levels, but also estrogen levels [26]. Another recent report suggested that increased
catabolism of estrogens by CYP2C19 may lead to decreased estrogen level and reduced risk
of breast cancer [34]. Additional studies are necessary to elucidate the role of estrogen levels
during tamoxifen therapy to fully understand the role of variation in enzymes that affect
both tamoxifen and estrogen levels in breast cancer hormonal therapy.

There are several limitations to our study. First, this is a secondary analysis of a prospective
study involving primarily Caucasian (95%) women, so it is unclear how these results apply
to other populations. Notably, the frequency of the SULT1AL copy number variation is much
higher in subjects of African descent, where up to 62% may have increased copy number.
Second, given the complexity of the tamoxifen pathway and the many enzymes involved in
activation, inactivation and regulation of tamoxifen, the impact of a single variation can be
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disguised by other compensating variables, yet potentially important in some clinical
contexts. Our sample size (n = 190 patients) was relatively small, thereby limiting our ability
to detect small but potentially clinically important differences in DFS. Therefore, if
SULT1A1 copy number or CYP2C19*17 resulted in a small difference in the steady state
concentrations of endoxifen, a much larger patient cohort may be required to detect their
importance. Third, we were unable to assess for the common null CYP2C19 alleles (e.g., *2
and *3), which significantly affect CYP2C19 enzyme activity [35]. Although other studies
have not shown an association between these variants with steady concentrations of
endoxifen [35] or with tamoxifen clinical outcomes [16], further studies are necessary to
fully evaluate these low-activity alleles. Finally, our study did not evaluate the important
UGT isoforms that have previously been implicated in the glucuronidation of tamoxifen and
the active metabolites. While recent reports have not demonstrated an association between
UGT genetic variants and endoxifen concentrations [35], additional studies will be
necessary to determine whether genetic and environmental factors that affect
glucuronidation are associated with the DFS in tamoxifen treated patients.

Genetic variation in CYP2D6 is the strongest predictor of endoxifen concentrations,
accounting for 38% of the variation in concentration of z-endoxifen; however, a substantial
amount of the variation in endoxifen steady state concentrations are unexplained by
CYP2D6 genetic variation [35]. Furthermore, the association between CYP2D6 genotype
and tamoxifen clinical outcome continues to be controversial. Therefore, additional studies
are needed to identify additional environmental and genetic markers that would allow
caregivers to individualize treatment for women with ER-positive breast cancer.

Future perspective

Tamoxifen metabolism is complex, with multiple different enzymes generating metabolites
with varying degrees of affinity for the ER. While our study did not demonstrate evidence of
an association between either SULT1A1 copy number or CYP2C19*17 genotype and
disease-free survival in tamoxifen treated breast cancer, future studies in larger patient
cohorts evaluating these and additional genetic and environmental factors that are associated
with variation in tamoxifen metabolism are needed, given the possibility of a small effect
size that is overshadowed by other variables including drug interactions, hormonal status
and combinations of genetic variation.

Our study demonstrates the complexity of developing personalized therapy for the treatment
of breast cancer. Ideally, as additional drugs are developed to effectively treat breast cancer,
biomarkers (both host and tumor) predictive of drug effect will be established that will allow
physicians to individualize therapy. Achievement of that goal will require that these
biomarkers not only be reproducible and validated in well annotated cohorts, but these
biomarkers will require prospective validation as well.
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Executive summary
Background

* Inaddition to CYP2D6, SULT1A1 and CYP2C19 have been suggested to play a
role in tamoxifen metabolism.

e The number of copies of SULT1A1 varies among individuals and the activity of
the enzyme is correlated with the number of copies of the gene.

o CYP2C19*17 has recently been identified as a new allele, characterized by two
SNPs in the 5'-flanking region, and is associated with higher enzyme activity.

Methods & materials

o Atotal of 190, primarily Caucasian, tamoxifen-treated women enrolled in North
Central Cancer Treatment Group 89-30-52 with estrogen receptor-positive early
breast cancer, were genotyped for SULT1A1 copy number and CYP2C19*17,
and evaluated for an association between genotype and disease-free survival.

Results

* No association was identified for either marker, either adjusting for traditional
prognostic factors or not.

* No association was identified for either marker in the subset of women with
impaired CYP2D6 activity.

Conclusion

»  Further studies in a larger cohort will be important to understand if these genetic
variants have a small, but important effect on outcome in tamoxifen treatment.

»  Further pharmacogenomic studies involving additional genes will be necessary
to fully understand the complex biochemical pathways regulating tamoxifen
therapy and to individualize hormonal therapy in breast cancer.
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Figure 1. In vitro biotransformation pathways of tamoxifen
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The relative contribution of each pathway to the overall oxidation of tamoxifen is shown by

the thickness of the arrow.
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Percentage of patients remaining disease-free over time, analyzed by CYP2C19*17 genotype

wt: Wild-type.
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Table 1

Patient and tumor characteristics prior to tamoxifen treatment for women enrolled in North Central Cancer
Treatment Group 89-30-52 with genotyping results (the present study cohort) and those without genotyping
results.

Patient/tumor characteristics Those with genotyping data available  Those without genotyping data available
Study cohort (n = 190) (%) Excluded (n = 66) (%)

Age

<65 years 26.8 36.4

>65 years 73.2 63.6

Race

Caucasian 94.7 84.9

African—-American 1.6 3.0

American Indian or Alaska Native 0.5 0

Not reported 3.2 12.1

Extent of surgery

Mastectomy 83.7 75.8
Breast conservation 16.3 24.2
Tumor size

<3cm 75.8 87.9
>3 cm 24.2 12.1

Estrogen receptors

10-49 fmols 195 21.2
>50 fmols 68.4 60.6
Positive 121 18.2

Number of positive nodes

0 60.5 68.2
1-3 279 16.6
4-9 7.9 9.1
10+ 3.7 6.1
CYP2D6 genotype

EM/EM 43.7 18.2
EM/IM, EM/PM, IM/IM or IM/PM  50.0 13.6
PM/PM 4.2 3.0
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Patient/tumor characteristics Those with genotyping data available  Those without genotyping data available
Study cohort (n = 190) (%) Excluded (n = 66) (%)
Unknown 2.1 65.2
CYP2D6 inhibitor use while receiving tamoxifen
Potent inhibitor 16 0
Weak inhibitor¥ 53 15
None 80.5 89.4
Unknown 126 9.1
CYP2C19*17 genotype
wt/wt 57.4 _
wi*17 253 -
*17/*17 6.8 -
Unknown 105 -
SULT1A1 copy number
1 3.7 -
2 60.0 -
3 17.4 -
4+ 7.9 -
Unknown 111 -

TPotent inhibitors are fluoxetine or paroxetine.
t

Weak inhibitors are sertraline, cimetidine, amiodarone, doxepin, ticlopidine or haloperidol.

EM: *1 or *2 allele; IM: *10, *17 or *41 allele; PM: *3, *4 or *6 allele; wt: Wild-type.
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