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Abstract

Background—Accurate assessment of CYP2D6 phenotypes from genotype is inadequate in
patients taking CYP2D6 substrate together with CYP2D6 inhibitors. We propose a novel CYP2D6
scoring systems that incorporates the impact of concomitant medications with the genotype in
calculating the CYP2D6 activity score.

Method—Training (n=159) and validation (n=81) data sets were obtained from a prospective
cohort tamoxifen pharmacogenetics registry. Two inhibitor factors were defined: one genotype-
independent and one genotype-based. Three CYP2D6 gene score systems, and their combination
with the inhibitor factors, were compared. These three scores were based on Zineh, Zanger, and
Gaedigk's approaches. Endoxifen/NDM-Tam plasma ratio was used as the phenotype.

Results—The overall performance of the three gene score systems without consideration of
CYP2D6 inhibiting medications in predicting CYP2D6 phenotype was poor both in the training
(R2=0.24, 0.22 and 0.18) and the validation set, (R2=0.30, 0.24 and 0.15). Once the CYP2D6
genotype-independent inhibitor factor was integrated into the score calculation, the RZ values in
the training and validation data sets are nearly twice as high as the genotype only scoring model:
(0.44, 0.43, 0.38) and (0.53, 0.50, 0.41) respectively.

Conclusion—The integration of the inhibitory effect of concomitant medications with the
CYP2D6 genotype into the composite CYP2D6 Activity Score doubled our ability to predict the
CYP2D6 phenotype. However, endoxifen phenotypes still varied substantially, even with
incorporation of CYD2D6 genotype and inhibiting factors, suggesting that other, yet unidentified,
factors must be involved in tamoxifen activation.
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Introduction

Cytochrome P450 2D6 (CYP2D6) is involved in the metabolism of approximately 20% of
all drugs in clinical use, including B-blockers, antiarrhytmics, antidepressants and
antipsychotics (1;2). It is also responsible for the metabolic activation of tamoxifen and
opioids like codeine, hydrocodone and oxycodone (3;4).

The metabolic activity of CYP2D6 varies up to 1000-fold among individuals and ethnic
population (5-7). The genetic contribution to this variability in CYP2D6 activity has been
well documented (8). CYPZD6 is a highly polymorphic gene with more than 70 allelic
variants identified (http://www.cypalleles.ki.se/), which encode for proteins with full
(CYP2D6*1,*2 *33 *35), reduced (CYP2D6*9,*10, *17,*29, * 37, *41, *45, *46) or no
enzymatic activity (CYP2D6*3*8, *11-*16, *18-* 21, * 38, *40, *42, *44) (9). Multiple
copies of CYP2D6 alleles (i.e., *1, *2, *35) have been reported in subjects with the ultra-
rapid metabolism (UM) phenotype (10;11). This large inter-individual variability in
CYP2D6 capacity has important clinical consequences (1;4). The poor metabolism (PM)
status has repeatedly been associated with an increased risk of adverse effects in patients
taking drugs whose metabolism is largely dependent on CYP2D6 (12-17). PMs also show
decreased efficacy when treated with drugs that require metabolic activation by CYP2D6
(16;18). On the other hand, UMs have been reported to have a poor therapeutic response to
certain CYP2D6 substrates (13;19-21) or increased opiates toxicity including fatalities
(22-26). Furthermore, the cost of treating patients with extremes in CYP2D6 activity (PMs
and UMs) has been estimated to be $4,000 to $6,000 per year greater than the cost of
treating patients in the extensive metabolism (EM) and intermediate metabolism (IM)
groups (27).

In addition, CYP2D6 activity can be affected by non-genetic factors. For example, many
commonly prescribed medications are known to inhibit the catalytic activity of CYP2D6
(28). Pregnancy and disease conditions also affect CYP2D6 activity. As with CYP2D6
genetic variations, drug interactions may have important clinical consequences as shown
recently for tamoxifen by our group (18;29;30).

A growing body of evidence is now available showing that inter-subject variability of
CYP2D6 caused by genetic and non-genetic factors is indeed a determinant of response to
some of the drugs primarily metabolized by CYP2D6. Despite this, it is still difficult to
integrate such information to the drug development process and to guide decisions in clinical
practice. It follows that precise knowledge of the CYP2D6 metabolic status might aid to
design appropriate trials or identify a subgroup of patients that are at high risk for failure of
therapy or adverse effects during initiation of therapy with CYP2D6 substrates.
Traditionally, different groups of phenotypes have been used to describe range of CYP2D6
activity (e.g. PMs, EMs) and these phenotypes could be measured through administration of
a probe drug or predicted from genotypes. However, given the complexity of the CYP2D6
gene structure, large numbers of unique CYP2D6 diplotypes with uncertain phenotype
outcome have been identified (30-32). Accurate assessment of CYP2D6 phenotypes from
genotype is inadequate in patients taking a CYP2D6 substrate together with inhibitors of the
enzyme. Because of these limitations, researchers have now recognized the need to improve
traditional ways of assessing CYP2D6 metabolic status. Several such approaches have been
proposed recently, among them the genotype-phenotype relationship described by Zanger et
al (8) the CYP2D6 activity score system proposed by Zineh et al (33) and Gaedigk et al
(34). There are distinct advantages of using an activity score for grouping CYP2D6
genotypes. In the research arena, it permits combinations of many different diplotypes into a
few activity scores, therefore decreasing the number of groups for comparison in genotype-
phenotype association studies. In the clinical practice, clinical laboratories can easily
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calculate a CYP2D6 activity score, thus simplifying the interpretation of the genotype
results. However, these approaches have not incorporated the impact of concomitant
medications in calculating the activity score. The impact of the inhibition on CYP2D6
activity varies with the CYP2D6 genotype and the potency of the CYP2D6 inhibitor (weak,
moderate and strong inhibition) (29;30).

Our prior work (29;30;35) has demonstrated that the conversion of tamoxifen to its active
metabolite, endoxifen, is dependent on CYP2D6 activity. The purpose of this study is to
utilize the rich genotype, concomitant medication and phenotype data from a prospective
tamoxifen pharmacogenetics cohort study to: 1) develop a CYP2D6 scoring system that
accounts for CYP2D6 genotype and CYP2D6-mediated drug interactions; 2) compare the
performance of our scoring method with other previously published methods.

Data on medication history, genotype for 29 CYP2D6 alleles and plasma concentrations of
tamoxifen and its metabolites were obtained from 159 women who participated in our
tamoxifen pharmacogenetics trial published elsewhere (30). This sample was used as the
training data set for this work. A second group of 81 patients who were enrolled at a later
stage in the same study was used as a validation dataset. In the referred study on tamoxifen
pharmacogenetics the endoxifen/N-desmethyltamoxifen (endoxifen/NDM) plasma ratio
reflected better the CYP2D6 activity than the endoxifen plasma concentration alone. In the
current study, we utilized the endoxifen/NDM plasma ratio as an index measure of CYP2D6
metabolic capacity.

CYP2D6 Gene Score

Based on the available phenotypic data, CYP2D6 alleles were assigned a value that reflects
the expected activity of the CYP2D6 enzyme for which they code. In table 1, fully
functional CYP2D6 alleles (e.g. *1, *2, *33, *35) were assigned a score of 1. CYP2D6
alleles associated with reduced enzyme activity (e.g. *9,*10, *17, *29, *37, *41, *45, *46)
were scored as 0.5. The null CYP2D6 alleles (e.g.*3-*8, *11-*16, *18-*20, *38, *40, *42,
*44, *56) and their duplications received a value of 0. Duplications of fully active alleles
(e.g. *1xN, *2xN, *35xN) were assigned a value +1, rendering a score of 2 for each of these
duplicated variants. Duplicated reduced activity alleles (e.g. *41xN and *45xN) were
assigned a value of +0.5, yielding a score of 1. This proposed gene score is similar to that
described by Gaedigk's et al (34).

The system 1 (Table 1) is defined by Zineh's notions (33): PM =0, IM (*10, *17, *37) = 0.5,
IM (a*9, *29, *41, *45, *46) = 0.75, EM = 1, UM (*41xN, *45xN) = 1.5, and UM (*1xN,
*2xN, *35xN) = 2. System 2 (Table 1) is defined by Zanger's approach (8): PM =0, IM =1,
EM=2, and UM = 3. The score of a bi-allelic CYP2D6 genotype is defined as:

gene score=allelel score+allele2 score [1]

CYP2D6 Inhibitor Factor

Once we calculated the expected activity of the CYP2D6 enzyme according to the genotype,
we incorporated the possible effects of known CYP2D6 inhibitors on the performance of the
CYP2D6 protein. CYP2D6 inhibitors were classified as either weak or strong in accordance
to the FDA definition (36). We used two different methods to calculate the magnitude of the
reduction of CYP2D6 activity caused by the concomitant use of a CYP2D6 inhibitor. First,
we considered the inhibitory effect to be independent of the genotype, now represented by
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the CYP2D6 Gene Score. We assumed that weak CYP2D6 inhibitors would decrease by
half the CYP2D6 metabolic capacity in all individuals, and strong CYP2D6 inhibitors would
completely abolish the CYP2D6 activity, resulting in phenocopy (converting all individuals
into poor metabolizers). Therefore, weak and strong CYP2D6 inhibitors were assigned an
inhibitor factor of 0.5 and 0, respectively, with no consideration of the CYP2D6 Gene Score
(Table 2, no CYP2D6 genotype input). In the second method, we took into account that
individuals with high CYP2D6 enzyme capacity experience a larger inhibitory effect than
individuals with decreased CYP2D6 enzyme activity when exposed to CYP2D6 inhibitors.
Following this premise, we modified the inhibitor factor according to the individual
CYP2D6 Gene Scores, assigning low inhibitor factor values to individuals with high
CYP2D6 Gene Scores and vice-versa.

For example, participants taking a CYP2D6 weak inhibitor received a CYP2D6 inhibitor
factor of 0.5 if they had a CYP2D6 Gene Score of 2 and of 0.75 if their CYP2D6 Gene
Score was 1. We again took into account that most individuals taking strong CYP2D6
inhibitors are converted into the poor metabolizer status, therefore receiving a CYP2D6
inhibitor factor of 0. The exceptions to this rule were participants with CYP2D6 Gene
Scores >2 (i.e. ultra-rapid metabolizers) who tend to maintain some residual CYP2D6
activity despite the exposure to strong CYP2D6 inhibitors (30;37). These individuals were
assigned a CYP2D6 inhibitor factor of 0.25 (Table 2, with CYP2D6 genotype input).

CYP2D6 Activity Score

The CYP2D6 Activity Score is expressed as the product of multiplying the CYP2D6 Gene
Score by the Inhibitor factor, which is defined in equation [2]:

activity score=gene score X inhibition factor, [2]

where the gene score is defined in Table 1, and inhibition factor is defined in Table 2. The
CYP2D6 Activity Score represents an estimate of the actual performance of the CYP2D6
enzyme in vivo as determined by the CYP2D6 genotype and the effect of concomitant use of
CYP2DE6 inhibitors.

Statistical Analysis

Results

Descriptive analysis of demographic variables is performed and presented as sample mean,
standard deviation, median, range, or in categories. The predictive performance of various
CYP2D6 scores on the log(endoxifen/NDM) are assessed with R, and their significances
are evaluated with p-values through linear regressions. All of the analyses are conducted in
SAS 9.1 (SAS Institute Inc., Cary, NC).

Demographics

The training and validation data sets were composed of 159 and 81 participants,
respectively. Demographic characteristics such as age, body mass index, frequency of
CYP2D6 genotypes and ethnicity in both data sets are presented in Table 3. Both training
and validation data sets have similar age distributions, with mean ages between 53 and 54
years, so are their BMIs: 28.5 kg/m2 in the training set and 27.59 kg/m2 in the validation
set. In both groups, the majority of patients were white: 90.6% and 96.3% respectively. Most
importantly, both data sets have balanced PM/PM and EM/EM frequencies: 4.4% vs 2.5% in
PM/PM, and 40.3% vs 44.5% in EM/EM. Therefore, demographic characterstics among the
training and validation data sets were similar.
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CYP2D6 Gene Score as a predictor of CYP2D6 phenotype

All three scoring systems, i.e. our proposed CYP2D6 Gene Score and the Systems 1 and 2
Gene Scores, showed a weak correlation with the endoxifen/NDM plasma ratio in the
training data set (R?=0.24, 0.22 and 0.18, respectively; p < 0.00001), though our proposed
score system is slightly better than Systems 1 and 2 Gene Scores. In the validation set, our
proposed CYP2D6 Gene Score consistently showed the strongest association with the
CYP2D6 index measure (R?=0.30 vs. 0.24 and 0.15, respectively; p <0.00001). In the
validation set, the magnitude of the correlation remained low when CYP2D6 Gene Score
alone is used (Figure 1).

CYP2D6 Activity Score as a predictor of CYP2D6 phenotype

We evaluated the ability of our proposed CYP2D6 Activity Score to estimate the in vivo
CYP2D6 activity as measured by the endoxifen/NDM plasma ratio. It is important to note
that, as a result of using two different methods to calculate the CYP2D6 inhibitor factor
(with and without CYP2D6 genotype input), there are two groups of CYP2D6 Activity
Scores for all three scoring systems. In figure 2 we present the correlation of endoxifen/
NDM plasma ratio with the three CYP2D6 Activity Score systems when the CYP2D6
Inhibitor Factor is calculated without considering the CYP2D6 genotype. As expected, when
information on the concomitant use of CYP2D6 inhibitors is incorporated in the calculation
of the CYP2D6 Activity Score, the association of all three scores (proposed system, system
1, and system 2) with the endoxifen/NDM plasma ratio almost doubled in the training data
set (R2=0.44, 0.43 and 0.38 vs. 0.24, 0.22 and 0.18, respectively). In the validation data set,
a similar pattern was observed (R2=0.53, 0.50 and 0.41 vs. 0.30, 0.24 and 0.15). When the
CYP2D6 genotype is considered in the determination of the CYP2D6 Inhibitor Factor, the
performance of the CYP2D6 Activity Score did not improve compared to the genotype
independent Inhibition Factor (Figure 3), showing R? values almost identical to those
depicted in figure 2 for the Proposed System, System 1 and System 2 in the training
(R2=0.43, 0.42 and 0.38, respectively) and the validation (R?=0.52, 0.48 and 0.38,
respectively) data sets. Table 4 shows a summary of the performance of the Proposed
CYP2D6 Gene and Activity Scores compared to Systems 1 and 2 in the training and
validation data sets and in both sets combined.

Discussion

CYP2D6 genetic variation and the effect of CYP2D6 inhibitors on the pharmacokinetics of
drugs that utilize this metabolic route have been intensively studied. However, some
characteristics of the CYP2D6 genetic polymorphism and the CYP2D6 gene-environment
interactions have become important limitations to the clinical use of CYP2D6 genetic
information. The increasing number of CYP2D6 alleles described and their many allelic
combinations make it difficult for most clinicians to interpret the CYP2D6 genotype results.
In addition, with the probable exception of the CYP2D6 poor metabolizers, the functional
consequence of the CYP2D6 genetic variation is modulated by other factors, such as
physiological states like pregnancy, some herbal products and concomitant use of certain
drugs. Therefore, in integrating CYP2D6 genetic information into the decision-making
process in clinical practice, the CYP2D6 genotype should be interpreted in the clinical
context of the individual patient, taking into account all possible determinants of CYP2D6
metabolic activity. Although some of these determinants are unknown or poorly understood,
the CYP2D6 genotype and the concomitant use of CYP2D6 inhibitors are well documented
and are readily available for patients and their doctors. Physicians often identify the
importance of CYP2D6 genetic variation and drug interactions when prescribing a CYP2D6
substrate. However, there is no current instrument to quantify this interaction. Some
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progress has been made in grouping CYP2D6 genotypes by expected phenotypic expression
(8;30;33;34), but this research has not considered concomitant use of medications.

In the present study, we analyzed for the first time the utility of a CYP2D6 scoring system
that incorporates CYP2D6 genetic variation and CYP2D6 mediated drug-drug interactions.
In our previous studies, we have shown that tamoxifen is sequentially metabolized by the
cytochrome P450 system to endoxifen. Specifically, we have shown that endoxifen is
formed from N-desmethyltamoxifen, the major circulating metabolite of tamoxifen, by
CYP2D6. Therefore, the ratio of endoxifen to N-desmethyltamoxifen was used as a marker
of CYP2D6 activity. We have developed a CYP2D6 Gene Score based on the anticipated
effect of genetic variations on the CYP2D6 enzymatic capability and evaluated its
correlation with the endoxifen/NDM plasma ratio as an index measure of CYP2D6 activity.
As expected, the CYP2D6 Gene Score alone was poorly associated with the CYP2D6
phenotype. That was also the case for the other CYP2D6 scoring approaches (Systems 1 and
2) that utilized genetic information alone. However, when the expected CYP2D6 inhibitory
effect was integrated with the CYP2D6 genotype into the composite CYP2D6 Activity
Score, our ability to estimate the CYP2D6 phenotype doubled. Interestingly, a similar
increase in the correlation of the score with the CYP2D6 index measure was seen with the
inclusion of the CYP2D6 Inhibitor Factor into the genotype-based scores developed by other
authors. These results highlight the heterogeneity of the CYP2D6 phenotype and the
importance of considering other factors in addition to the genotype in the estimation of the
CYP2D6 performance in vivo. In the process of integrating the CYP2D6 inhibitors
information into the CYP2D6 Activity Score, we hypothesized that taking into account that
the CYP2D6 genotype influences the capacity of CYP2D6 inhibitors to decrease the
metabolic activity of the CYP2D6 enzyme would allow a more accurate estimation of this
activity. However, the CYP2D6 genotype input did not seem to alter the ability of the
CYP2D6 Activity Score to predict the CYP2D6 phenotype. A possible explanation is that
the great impact of the addition of the CYP2D6 Inhibitor Factor to the Gene Score dilutes
the small effect that the genotype input has on the calculation of the CYP2D6 Inhibitor
Factor. Therefore, the definition of the CYP2D6 Inhibitor Factor without considering the
CYP2D6 genotype appears to be a simple and reliable method. Right now, the selection of
inhibition factor values is subjective. A better strategy could be a pharmacokinetics drug
interaction model based prediction, which integrates genetics and inhibition mechanisms in
score construction. In this paper, we group weak inhibitor and moderate inhibition together,
because of their subtle difference. The definition of weak or moderate inhibitor sometimes
depends on the substrates from various published in-vitro/in-vivo studies. It needs further
exploration.

Our proposed CYP2D6 Activity Score is an improved tool to estimate the CYP2D6
performance in vivo. More importantly, our findings have been replicated in a second
sample of individuals. The R2 values in the validation data set were comparable to the
training data set when testing the CYP2D6 Gene Score alone and both CYP2D6 Activity
Scores. In the validation sample the correlation of the endoxifen/NDM plasma ratio with the
CYP2D6 Activity Score was also twice as high as with the CYP2D6 Gene Score alone
across all three scoring systems tested. This consistency in the results in two data sets
reflects the strength of the correlation between the CYP2D6 Activity Score and the CYP2D6
phenotype. However, other factors that influence the CYP2D6 activity are not being
considered making the correlation still imperfect. For example, it has been shown that
CYP2D6 genotypes have a different phenotypic expression in Caucasians as compared to
African Americans (34). An ethnicity factor could not be tested in our samples due to lack of
ethnic diversity in our study population. In the future, ethnicity, pregnancy, herbal products
and other variables known to influence CYP2D6 activity could be included in the
calculation of the CYP2D6 Activity Score. Another limitation, which applies to any scoring
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system using CYP2D6 genetic information, is the fact that the functional consequence of
many of the described CYP2D6 alleles is unknown, hence the uncertainty in the accurate
estimation of the CYP2D6 phenotype from genotype. Despite these limitations, the CYP2D6
Activity Score presented in this work shows an important correlation with the CYP2D6
phenotype and represent a significant improvement over the use of CYP2D6 genotype alone.
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Table 1
CYP2D6 star allele score definition.
CYP2D6 Alleles Function | System 1(Zineh et System 2 (Zanger et Proposed Gene
al) al.) Score System
*3-*8, *11-*16, *18-*20, *36, *38, *40, *42, *44, PM 0 0 0
*56, *4xN
*10, *17, *37 IM 0.5 1 0.5
*9, *29, *41, *45, *46 IM 0.75 1 0.5
*1, *2,*33, *35 EM 1 2 1
*41xN, *45xN UM 15 3 1
*1xN, *2xN, *35xN UM 2 3 2

Note: proposed gene score system is similar to Gaedigk's system (34). The addition is assigning *41xN as 1.
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Table 2
CYP2D6 inhibitor factor definition
CYP2D6 I nhibitor Factor Calculation Method CYP2D6 Inhibitor Factor
No CYP2D6 inhibitor 1
No CYP2D6 genotype input CYP2D6 Weak inhibitor * 0.5
CYP2D6 Strong inhibitor 0
No CYP2D6 inhibitor 1

Weak CYP2D6 inhibitor *

* CYP2D6 Gene score =1.75 0.5
* CYP2D6 Gene score 0.5-1.5 0.75
With CYP2D6 genotype input * CYP2D6 Gene score 0 1

Strong CYP2D6 inhibitor

* CYP2D6 Gene score >2 0.25
* CYP2D6 Gene score 0.5-2 0
* CYP2D6 Gene score 0 1

Note:

HAA
strong inhibitors include paroxetine, amiodarone, and metoclopromide.

*
Weak inhibitors include sertraline, venlafaxine, citalopram, fluoxetine, buproprion, razadone, and celecoxib.

1duasnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

J Clin Pharmacol. Author manuscript; available in PMC 2013 November 04.



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

wduosnue Joyiny vd-HIN

Borges et al.

Table 3

Demographics of participants in a training data set, a validation data set and both sets combined

Data Sets
Training  Validation Combined
n=159 n=81 n=240
Age (years)
* Mean 53.23 53.40 53.32
« Median (range) 54 (56) 55 (52) 54 (58)
Mean Body Mass Index, 28.53 27.59 28.17
kg/m2 (range) 39.34 24.36 40.09
Ethnicity, n (%)
« White 146 (91.83) 78(96.30) 224 (93.33)
« Black 9 (5.66) 2(2.47) 11 (4.58)
« Hispanic 1(0.63) 0 (0.00) 1(0.42)
« Unknown 3(1.89) 1(2.47) 4(1.67)
CYP2D6 Genotype, n (%)
*« PM/PM 7 (4.40) 2(2.47) 9 (3.75)
«EM/EM 64 (40.25) 36 (44.45) 100 (41.67)
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Correlation of the proposed CYP2D6 Gene and Activity Scores with endoxifen/NDM plasma ratio compared

to System 1 (31) and System 2 (24) in a derivation data set, a validation data set and both sets combined.

Results are presented in R? values.

Data set
Derivation | Validation | Combined
n=159 n=81 n=240
CYP2D6 Gene Scores Alone
(no input from CYP2D6 I nhibitor Factor)
Proposed CYP2D6 Gene Scor e System 0.24 0.30 0.25
System 1 0.22 0.24 0.22
System 2 0.18 0.15 0.16

CYP2D6 Activity Scores

(input from CYP2D6 Inhibitor Factor not genotype-derived)

Proposed CYP2D6 Gene Scor e System | 0.44 | 0.53 | 0.45
System 1 | 0.43 | 0.50 | 0.43
System 2 | 0.38 | 0.41 | 0.36
CYP2D6 Activity Scores
(input from genotype-derived CYP2D6 Inhibitor Factor)
Proposed CYP2D6 Gene Score System | 0.43 | 0.52 | 0.44
System 1 | 0.42 | 0.48 | 0.42
System 2 | 0.38 | 0.38 | 0.34

Note: all the p-values are less than 0.00001 for these correlations.
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