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Abstract: The seminal paper on the CYP2D6 Activity Score (AS) was first published ten years ago
and, since its introduction in 2008, it has been widely accepted in the field of pharmacogenetics.
This scoring system facilitates the translation of highly complex CYP2D6 diplotype data into a
patient’s phenotype to guide drug therapy and is at the core of all CYP2D6 gene/drug pair guidelines
issued by the Clinical Pharmacogenetics Implementation Consortium (CPIC). The AS, however, only
explains a portion of the variability observed among individuals and ethnicities. In this review,
we provide an overview of sources in addition to CYP2D6 genotype that contribute to the variability
in CYP2D6-mediated drug metabolism and discuss other factors, genetic and non-genetic, that likely
contribute to the observed variability in CYP2D6 enzymatic activity.
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1. Introduction

The highly polymorphic nature of the CYP2D6 gene locus is the most important single factor
explaining the wide range of CYP2D6 activity observed between and among populations [1]. Even if
genotype analysis is limited to the most common and clinically relevant major haplotypes, the number
of diplotypes typically found in any given population or study cohort remains extremely large. In a
previous study that tested for single nucleotide polymorphisms (SNPs) identifying 20 allelic variants
as well as copy number variants, we identified 51 and 57 different diplotypes among 273 Caucasians
and 210 African Americans, respectively, challenging us to develop a ‘system’ to readily interpret
genotype/diplotype information by grouping genotypes into the conventional poor (PM), intermediate
(IM), extensive (EM) (now referred to as normal (NM) [2]) and ultrarapid (UM) metabolizer phenotype
groups. In order to facilitate the translation of genotype into phenotype, we introduced the Activity
Score system (AS), which has subsequently become widely accepted in the field since it was first
published 10 years ago [3], as evidenced by a growing body of literature utilizing the AS system and
its adoption by the Clinical Pharmacogenetics Implementation Consortium (CPIC) for their drug/gene
pair recommendations [4–6]. Essentially, each allele is assigned a value of 0, 0.5 or 1 categorizing it
as no, decreased or normal function, respectively (note that the value of 0.5 does not indicate a 50%
reduction in activity, but signals decreased function, i.e., has functional activity somewhere between no
function and full function); for alleles with two or more gene copies, the value of the allele is multiplied
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by the number of gene copies (e.g. a CYP2D6*1x2 gene duplication receives a value of 2 to calculate
the AS). The sum of the values of both alleles provides the AS of a genotype. In most populations,
this binning system typically leads to six AS groups, i.e., AS = 0, 0.5, 1, 1.5, 2, and ≥3. This “scaled”
system is easy to use and more intuitive than “star” diplotypes (for example CYP2D6*29/*58), which
are difficult to interpret for many clinically oriented healthcare professionals who are not intimately
familiar with CYP2D6 nomenclature and therefore may struggle with assessing the clinical impact of a
particular CYP2D6 genotype.

Although the use of the AS system has simplified genotype–phenotype associations, it has
become increasingly clearer over the past 10 years that (1) the approach will benefit from additional
refinement, and (2) additional factors contribute to variability in CYP2D6 activity within a given
diplotype, and are not captured by the current scoring system. More research in these two areas
will potentially allow for more widespread clinical applicability of the AS. In terms of refinement,
there currently are more AS groups than the four phenotype classifications, i.e., poor, intermediate,
normal (extensive) and ultrarapid that have traditionally been used throughout the literature as well
as for clinical test reporting. While there is consensus among experts to define AS = 0 as PM, AS = 0.5
as IM, AS = 1.5 and 2 as NM and those with an AS ≥ 3 as UM, experts are divided regarding the
classification of subjects with AS = 1 and 2.5. AS = 1 is the most contested AS group and classified by
some investigators as IMs and NMs by others, causing inconsistent group assignment in the literature
and may potentially lead to different recommendations by clinically authoritative groups such as the
CPIC and the Dutch Pharmacogenetics Working Group (DPWG). Genotypes giving rise to an AS = 2.5
are typically binned with AS ≥ 3 and classified as UM, but some experts suggest that NM may be a
more appropriate assignment. Second, the classification of alleles as increased, normal, decreased or
no function is crude, and does not take into account substrate-dependent effects of an allelic variant
toward various CYP2D6 substrates [7]. This challenge is perhaps best exemplified by CYP2D6*10,
a decreased function allele, which has been associated with substantially reduced levels of activity.
For example, the kinetic parameters of the CYP2D6.10 protein result in intrinsic clearance values that
range from 1.3% to 27.9% of the reference CYP2D6.1 protein for nortriptyline 10-hydroxylation and
codeine O-demethylation, respectively [7]. Furthermore, the current assignment of a value of 0.5
to this allele classifies homozygous CYP2D6*10/*10 patients as NM in CPIC guidelines, which may
not be appropriate for all drugs. A literature review and assessment performed in 2013 [8] did not
produce sufficient evidence to recommend a reclassification of the CYP2D6*10 allele by assigning a
lower value of 0.25 to better reflect the level of reduction of this allele at that time. However, a recent
extensive literature review and assessment performed for the CYP2D6/tamoxifen gene/drug pair
CPIC guideline produced strong evidence for a separate recommendation for CYP2D6*10-containing
genotypes [9], fueling discussions regarding the classification of this particular allele and the translation
of CYP2D6*10 diplotypes into phenotype. Another example is CYP2D6*17, which is generally
considered to be a decreased function allele, but appears to have normal or even increased activity
towards risperidone [10]. In vitro investigations by Shen et al. exploring the impact of CYP2D6*10
and CYP2D6*17 on prototypical substrates (bufuralol, dextromethorphan, debrisoquine, atomoxetine,
(S)-fluoxetine, nortriptyline, tramadol, and codeine) underscore this point by demonstrating marked
substrate-specific and allele-specific metabolism towards these substrates [7]. Specifically, decreases
in intrinsic clearance, a measure of enzymatic activity for a given substrate, were observed for all
drugs when incubated with either CYP2D6.10 or CYP2D6.17 protein. Wild-type-to-variant intrinsic
clearance ratios ranged from 1.32–27.9 and 7.33–80.4 for CYP2D6.10 and CYP2D6.17, respectively.
The magnitude of lowered metabolic capability, therefore, appears to be both substrate and genotype
dependent [7]. As such, these data illustrate the complexity of translating genotype into phenotype
and further highlights the difficulties when using this information in a clinical setting for a given drug.
Implicit to this issue is a need to standardize the translation of genotype (or AS) into phenotype, e.g.,
which panel of substrates used to make this determination, level of evidence needed, etc. The CPIC is
currently working with a group of CYP2D6 experts to find consensus for possible solutions.
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Not addressed by the current AS system is the observation of large intra- and inter-individual
variability in CYP2D6 activity within a given genotype group, which remains unexplained. Individuals
phenotyped at multiple occasions with the probe drug dextromethorphan (DM) have been shown to
present with urinary metabolic ratios that varied between 1.6 and 41-fold [11]. Another study using
DM and metoprolol as probe drugs showed inter-individual differences ranging 24–75% and 21–96%,
respectively [12]. Regardless of the probe drug, large inter-individual variability within a genotype
group is typically observed when urinary metabolic ratios are used as a measure of in vivo CYP2D6
activity [3,13–15]. In our own study [3], we also observed a notable difference among Caucasian and
African American cohorts when comparing particular genotype groups, namely CYP2D6*1/*1, *1/*2
and *1/*2 suggesting additional source(s) of variability (Figure 1; data from [3]). Further investigation
into the interaction of ethnicity with CYP2D6 genotype–phenotype relationships is warranted given
that CYP2D6*1 and *2 are commonly assigned haplotypes in most populations [16]. Considerable
variability has also been described in a pharmacokinetic (PK) study investigating the contribution
of CYP2D6 alleles on activity [17]. The authors determined that the 95% confidence interval for the
point estimates varied significantly for CYP2D6*1, *2 and *41, the three alleles that were analyzed in
that study. As an alternative to urinary metabolic ratios, CYP2D6 activity can also be estimated using
plasma or saliva metabolite ratios [18–21]. Furthermore, data from therapeutic drug monitoring can be
utilized as convenient measures to determine CYP2D6 phenotype as demonstrated by Mannheimer
et al. [22] and commented on by de Leon [23]. However, regardless of which phenotyping method
is employed, large inter-individual differences are observed within genotype groups as well as AS
groups, making it difficult to determine a patient’s ‘absolute’ phenotype.

Figure 1. The urinary dextromethorphan/dextrorphan (DM/DX) ratio serves as a measure of CYP2D6
activity. The log-transformed ratios were stratified by CYP2D6 diplotype (CYP2D6*1/*1, *1/*2, and *2/*2)
and ethnicity (Caucasian (CA) vs. African-Americans (AA)). Statistically significant differences in
activity were observed between these two ethnic groups for CYP2D6*1/*2 (p < 0.0001) and *2/*2
(p = 0.0003).

The goal of this review is to describe the advances that have occurred over the past 10 years to
increase our understanding of various genetic and regulatory factors that may contribute to variability
in CYP2D6 activity, and thus improve the AS system and prediction of a patient’s CYP2D6 activity.
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2. Genetic Factors Impacting mRNA and Protein Expression Levels

In addition to variation within the CYP2D6 gene that causes amino acid changes or leads to
alternative splicing, activity towards a particular drug substrate may also be impacted by regulatory
mechanisms, including genetic polymorphisms in enhancer regions or differential expression of
transcription factors or micro RNAs that can modulate the rate of the translation of mRNA into protein.
These mechanisms are typically not ‘all or nothing’, but rather fine-tune level of expression and thereby
protein activity. The following sections provide an overview of what is known about these factors.

2.1. Long-Range Enhancer Single Nucleotide Polymorphism

To better understand the networks connecting and regulating P450 expression levels and uncover
factors controlling these genes, Yang et al. performed comprehensive genome-wide association
analyses in a large panel of 466 human liver tissue samples and concluded that both cis- and
trans-regulation are contributing to P450 expression and activity levels [24]. For CYP2D6, their systems
biology approach exclusively discovered cis-SNPs that were associated with expression (eSNPs)
and/or enzymatic activity (aSNPs) laying the groundwork for future investigations looking for genetic
variation outside of the coding gene and immediate flanking/regulatory regions. Searching for
such regulatory SNPs that might explain the variation of activity within a genotype group, Wang et al.
subsequently demonstrated that a SNP (rs16947, R296C) in exon 6 that defines the CYP2D6*2 haplotype
not only causes an amino acid change that appears to be of no functional consequence, but causes
alternative splicing leading to at least a 2-fold decrease in expression levels [25]. In addition, two
distant SNPs located 116 kilo base pairs downstream of the CYP2D6 gene locus appeared to increase
transcription levels over 2-fold. These “enhancer” SNPs were found to be in complete linkage
with each other and also in linkage disequilibrium with rs16947, i.e., when rs16947 was present
the enhancer SNPs were also present more often than not. In addition to quantifying the amount
of alternatively spliced mRNA products in human liver tissue samples to assess the impact of the
enhancer SNPs on CYP2D6 activity, Wang et al. also assessed 164 subjects who were phenotyped by
our group with the CYP2D6 probe drug DM [25]. Individuals with the enhancer SNPs and rs16947
had less activity (or a higher DM/dextrorphan (DX) ratio) compared to those individuals who had
rs16947 and lacked the enhancer SNPs, suggesting that the differences in mRNA expression levels
can decrease in vivo activity. These findings led to a series of follow up investigations by the same
group, in which the authors further characterized the enhancer element harboring the two SNPs [26].
First, an approach of chromatin conformation capture combined with next-generation sequencing,
chromatin immunoprecipitation (ChIP) and reporter gene assays confirmed the distant region as a
regulatory element for CYP2D6 expression. Second, deleting selective enhancer region sequences with
CRISPR in HepG2 cells identified rs5758550 as the functional SNP. The authors concluded that, taken
together, their findings strongly support a functional role of the rs5758550 enhancer SNP that may
explain some of the observed unaccounted variability in CYP2D6 activity.

The presence or absence of the enhancer SNP may explain, at least in part, the wide range of
activity among individuals (Figure 1) or tissue samples (Figure 2) genotyped as CYP2D6*1/*2 or
*2/*2 for example, or why some individuals genotyped as CYP2D6*1/*1 or *1/*2 may have activity
resembling that of an ultrarapid metabolizer. Wang et al. proposed to reclassify alleles based on the
combination of rs1694 (2850C>T) and rs5758550 as following: rs16947T/rs5758550A (reduced activity),
rs16947T/rs5758550G (normal activity) and rs16947C/rs5758550G (enhanced activity) [26]. Whether
this approach is superior over the AS System or other classification system remains to be shown.
Of note, the enhancer SNP is not in complete linkage with rs1694 (2850C>T); it can occur on haplotypes
that do not have rs1694 (2850C>T) including CYP2D6*1, *5 and possibly *10, and also appears to be
present on a portion of decreased function alleles with rs1694 (unpublished data). In other words,
if a patient is genotyped as CYP2D6*2/*5 and is heterozygous for the enhancer SNP, it is impossible
to determine whether the patient has a decreased function CYP2D6*2 allele (rs16947T/rs5758550A)
or a normal function CYP2D6*2 allele (rs16947T/rs5758550G) according to the classification system
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proposed by Wang et al. [26]. Furthermore, there is no information regarding the impact of the
enhancer SNP on the activity for other haplotypes including CYP2D6*41, which is currently classified
as a decreased function allele. Finally, little is known regarding the frequency of the enhancer SNP in
other racial or ethnic populations and the linkage of the enhancer SNP with defined haplotypes.

Figure 2. (A) CYP2D6 protein content (pmol/mg microsomal protein) stratified by CYP2D6 activity
score (AS) in pediatric human liver microsomes (HLMs) (n = 78, ages 2–18 years). A statistically
significant linear trend was observed with increasing protein content corresponding with increasing
CYP2D6 AS. One-way ANOVA analysis identified only significant differences between HLMs of
AS = 0 and HLMs with scores greater than 0; (B) a subset of pediatric HLMs (n = 45) were used
to analyze CYP2D6 protein content as a function of activity score (green symbols, AS = 1; blue
symbols, AS = 2) and backbone diplotype (allelic variants containing a *1 or *2 structure). A haplotype
with an AS = 0 indicates the presence of two CYP2D6 allelic variant with no functional activity.
No statistically significant changes in protein content were observed as a result of differing activity
score or backbone diplotype.

The enhancer SNP certainly holds promise to explain inter-individual variability in CYP2D6
activity and eventually be incorporated into CYP2D6 genetic testing. However, more information
is needed on the identity of star alleles that are linked with the enhancer SNP, their function
(with and without the enhancer SNP), and their frequency distributions across populations. Lastly,
for heterozygous patients, methods need to be developed to determine on which allele the enhancer
SNP is located to interpret the result and more accurately predict the patient’s phenotype compared to
current practice.

2.2. Regulation of CYP2D6 Expression via Transcription Factors

For the last two decades, studies have shown that expression of most drug-metabolizing enzymes
(e.g., CYP3A4) is inducible upon activation of transcription factors such as pregnane X receptor (PXR)
or constitutive androstane receptor (CAR) [27,28]. PXR and CAR are ligand-activated nuclear receptors
to which various xenobiotics bind, and considered to serve as xeno-sensors for the bodies to promote
elimination of foreign compounds. Of interest, these transcription factors failed to transactivate the
promoter of CYP2D6 although CYP2D6 is one of the major drug-metabolizing enzymes (mediating
metabolism of >20% of marketed drugs). This has led the research community to regard CYP2D6 as a
non-inducible gene. Challenging this notion, however, accumulating clinical evidence has indicated
increased CYP2D6-mediated drug metabolism (e.g., higher clearances or metabolites/parent drug
ratios) in pregnant women as compared to postpartum women [29–32]. The underlying mechanisms
were unknown, in part due to a lack of appropriate models (e.g., animals or in vitro cell systems)
that could recapitulate the clinical phenotype. A breakthrough was made in a recent study where
pregnancy-mediated CYP2D6 induction was observed in CYP2D6-humanized mice, a transgenic
mouse line whose genome harbors the human CYP2D6 gene along with its upstream gene-regulatory
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region [33]. In these mice, CYP2D6 mRNA level increased about 3-fold at term pregnancy (as compared
to pre-pregnancy or postpartum), subsequently leading to higher CYP2D6 enzyme activity [33].
Importantly, the results strongly suggest the roles of transcriptional regulation in CYP2D6 induction
during pregnancy.

The CYP2D6 promoter was first characterized in the late 1990s [34], where promoter reporter
assays revealed a proximal DNA sequence in the CYP2D6 promoter that binds to a transcription
factor, hepatocyte nuclear factor 4α (HNF4α). HNF4α is a nuclear receptor highly expressed in the
liver, regulating constitutive expression of many liver-specific genes (including ones involved in
nutrient metabolism and blood coagulation) [35]. Important roles of HNF4α in the regulation of basal
CYP2D6 expression was further verified in a study where a rare polymorphism in HNF4α (i.e., G60D;
minor allele frequency of 1.3% in Koreans) that causes decreased HNF4α binding to a CYP2D6
promoter was shown to be associated with lower CYP2D6 expression and activity in liver tissues [36].
In CYP2D6-humanized mice, however, hepatic HNF4α expression (at both mRNA and protein levels)
did not differ among different gestational time points [33], suggesting that altered hepatic expression of
HNF4α is not responsible for CYP2D6 induction in the pregnant mice. Of note, multiple transcription
factors are known to modulate HNF4α activity via physical interactions [35]. cDNA microarray
experiments of mouse liver tissues revealed eight transcription factors that are differentially expressed
at term pregnancy [33,37]. Transient transfection and promoter reporter assays in cell lines revealed
that among the eight transcription factors, Krüppel-like factor 9 (KLF9; upregulated at term pregnancy)
and small heterodimer partner (SHP; downregulated at term pregnancy) are capable of modulating
HNF4α transactivation of the CYP2D6 promoter. Specifically, KLF9 enhanced HNF4α action on the
CYP2D6 promoter while SHP repressed it. Hepatic delivery of siRNA against SHP in nonpregnant
mice led to enhanced CYP2D6 expression, verifying the repressive role of SHP in the regulation of
basal CYP2D6 expression in vivo [33]. Extensive search for upstream regulators of KLF9 and SHP
expression during pregnancy led to the following finding: hepatic levels of retinoids that are known
inducers of SHP expression [38] are reduced at term pregnancy in CYP2D6-humanized mice [33].
Intraperitoneal administration of all-trans retinoic acid (atRA; the bioactive retinoid) to nonpregnant
humanized CYP2D6 mice led to increased SHP and decreased CYP2D6 expression by about 2-fold,
indicating that retinoids are indeed capable of regulating hepatic CYP2D6 expression [33].

Expression of SHP is known to be modulated by multiple factors including drugs or diseases
(e.g., cholestasis). SHP is a representative target gene of the farnesoid X receptor (FXR), a bile
acid sensor. In cholestasis, hepatic bile acids bind to and activate FXR, leading to transactivation
of the SHP promoter [39]. SHP in turn represses expression of genes encoding enzymes for bile
acid synthesis [40]. A synthetic agonist of FXR, GW4064, decreased CYP2D6 expression in human
hepatocytes as well as in CYP2D6-humanized mice [41]. Ethinylestradiol, a female hormone that
is known to cause cholestasis when administered at a high dose, also repressed hepatic CYP2D6
expression in CYP2D6-humanized mice [42]. Together, these results suggest that multiple factors may
govern basal hepatic CYP2D6 expression via regulation of CYP2D6 transcription, and this may be in
part responsible for inter-individual variability in CYP2D6-mediated drug metabolism. Supporting the
notion, previous studies have shown that CYP2D6 activities well correlate with its mRNA expression
levels in human liver tissues [24,43–45]. However, the extent of the contribution by differential CYP2D6
transcription to overall variability in CYP2D6 activity remains to be defined.

2.3. Regulation of CYP2D6 Expression via miRNA

An increasing body of evidence demonstrates that small, noncoding RNAs, ranging between
20 and 24 nucleotides in length, provide an additional layer of regulation on the expression of drug
metabolizing enzymes including CYPs [46–48] and that sequence variation in miRNA binding sites
can perturb this mechanism as exemplified in vitro and in vivo by Burgess et al. for the regulation
of CYP2B6 expression [49]. Consistent with the finding that miRNA binding sites are often located
in the 3’UTR region, the most prominent examples of CYP regulation by miRNAs involve binding
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sites in this region [49–53]. A bioinformatic search using 15 databases revealed that the 75 bp long
3’UTR of CYP2D6 contains a number of potential miRNA binding sites [47]; however, the author
also indicated that this relatively small region does not harbor any known sequence variations that
may interfere miRNA-mediated regulation. More recently, Zeng et al. reported that the CYP2D6
3′UTR does not contain any putative miRNA binding sites using four databases, but their search
revealed that the coding region of the transcript may be targeted by several miRNAs, among them
hsa-370-3p [54]. A potential role of this miRNA was supported by a negative correlation of hsa-370-3p
with hepatic CYP2D6 mRNA expression levels. In a subsequent series of experiments, Zeng et al.
provided strong evidence that this miRNA indeed impacts CYP2D6 expression. First, using RNA
electrophoretic mobility shift assays, a direct interaction between hsa-miR-370-3p and the CYP2D6
mRNA was demonstrated. Next, Zeng et al. performed a series of cell culture experiments showing
that the expression of exogenous CYP2D6 mRNA and protein was suppressed by hsa-miR-370-3p and
that hsa-370-3p is capable of attenuating the induction of CYP2D6 both on the mRNA and proteins
levels. Furthermore, Zeng et al. demonstrated that hsa-miR-370-3p decreases the stability of CYP2D6
mRNA by significantly shortening the half-life of the transcript. Taken together, Zeng et al. provided
a strong body of evidence that CYP2D6 expression undergoes regulation by miRNA, albeit not by
targeting the 3′-UTR.

The region targeted by hsa-370-3p corresponds to cDNA + 1296–1317 and maps to exon 8 and
one nucleotide of exon 9. There are no known validated sequence variations in this gene region that
may directly impact miRNA-mediated regulation. There are no studies that the authors are aware of
that have evaluated hsa-370-3p, mRNA and protein expression levels within a given genotype group
to assess whether hsa-370-3p levels contribute to the range of CYP2D6 activity observed among a
genotype group. It remains to be seen whether other miRNAs emerge in the future that modulate
CYP2D6 activity either directly or indirectly.

2.4. Variability in the Amount of CYP2D6 Protein among Liver Tissue Samples with the Same Activity Score
or Genotype

Genetic variants can influence both the abundance of enzyme expressed as well as the catalytic
activity of the expressed variant isoform. To date, over 100 CYP2D6 allelic variants and subvariants
have been defined by the Human Cytochrome P450 Nomenclature Committee, which has recently
transitioned to the Pharmacogene Variation Consortium (PharmVar) at [55]. The vast majority of
allelic variants in the database occur within the coding region of the gene and harbor detrimental
sequence variations, such as single nucleotide deletions or insertions causing a frameshift and leading
to premature termination characteristic of CYP2D6*3, *6 or *15. Similarly, aberrant splicing due to a
SNP at a splice site, such as those in CYP2D6*4 and *11, can also lead to the absence of functional protein
rendering the allele nonfunctional. Allelic variants associated with impaired capacity to metabolize
substrates do so either through (1) a decrease in functional protein content through alternative splicing
or gene deletion events or (2) altered binding affinity between enzyme and substrate caused by amino
acid changes affecting substrate–enzyme interactions. Lower active protein content without a change
in enzyme catalytic efficiency is characteristic of CYP2D6*9, *10 and CYP2D6*41 [56–58].

Preliminary data indicate that microsomal CYP2D6 protein content varies within livers with
nominally identical diplotypes, suggesting that identification of genetic and non-genetic factors
influencing protein expression may provide an opportunity for refining the AS system. Using a
collection of pediatric human liver microsomes (HLMs), protein abundance determined by liquid
chromatography with tandem mass spectrometry-based proteomics (ages 2–18, n = 73) was positively
associated with AS, supporting the existence of a gene dose–protein content relationship, where on
average the CYP2D6 protein content increases with increasing AS. There is, however, considerable
variability in protein content among samples with the same AS such that there is extensive overlap
of protein contents between AS groups (Figure 2A), similar to the extensive overlap in log(DM/DX)
urinary metabolite ratios between AS groups (Figure 1). The extent of variability in protein content
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within AS groups ranges between 6- and 22-fold, with HLMs with an AS = 1 having the greatest extent
of variation (only HLMs with AS ≥ 0.5 and AS groups with ≥2 samples included in fold-variability
calculations). This latter observation may be explained by the fact that this group comprises diplotypes
consisting of one functional and one nonfunctional allele, as well diplotypes comprised of two
decreased function alleles. Of particular note, within individual livers with the same CYP2D6 diplotype,
marked variability in CYP2D6 abundance is still observed (Figure 2B). Using atomoxetine as a CYP2D6
substrate, catalytic activity was associated with protein content, offering one potential explanation
for variability in atomoxetine clearance within AS groups [59]. Especially intriguing is the possibility
that there may be distinct groups based on proteomic determination of CYP2D6 protein content in
livers genotyped as CYP2D6*1/*1 and *1/*2. These data suggest that other factors, such as long-range
regulatory SNPs such as the distant enhancer SNP described above, may contribute to variability in
CYP2D6 protein expression. Ning et al. investigated a panel of 115 adult human liver tissues showing
that protein content is a better predictor of CYP2D6-mediated drug metabolism compared to AS (23%
of the variability of CYP2D6 activity was explained by AS while protein content explained 59%) [60].
Further work is, however, required to verify their and our findings in a larger number of samples,
and to elucidate the mechanisms leading to the variability in protein abundance within genotypes.
Identification of the factors involved will allow continued refinement of the AS, and ultimately better
prediction of drug clearance, and thereby individual dose requirements for drugs cleared by the
CYP2D6 pathway.

2.5. Missing Genetic Information: Variability Due to Untested Variation, Variation of Unknown Function,
Novel Variants and Technical Errors

Genotype panels typically test for a limited number of SNPs identifying more commonly observed
CYP2D6 alleles and provide limited information on gene copy number and structural variants. It is
therefore always possible that a patient carries an allele(s) that was not tested for. For example,
a number of no function alleles including CYP2D6*11 and *12 are genotyped as CYP2D6*2 if not
tested. Likewise, if CYP2D6*15 or *44 are not tested, these alleles are reported as CYP2D6*1. Because
CYP2D6*1 and *2 are ‘default’ assignments, it is not inconceivable that the CYP2D6*1/*1, *1/*2 and *2/*2
genotype groups may contain individuals with rare, untested alleles that contribute to the variability
seen in these groups.

Although numerous sequence variations have been described for CYP2D6 and have been defined
by PharmVar, novel variants continue to be discovered, especially in ethnic populations that have
not been well characterized in the past [14,61,62]. Furthermore, novel variants and haplotypes are
also being discovered in the major ethnic populations using next-generation sequencing [63,64]. It is
therefore always a possibility that a subject carries a novel, not yet discovered variants that contributes
to altered metabolism. There are also a number of variants for which there is no or only limited
information regarding activity, and the majority of those are not routinely tested and are likely
‘defaulted’ to CYP2D6*1 or *2 unless other SNPs are detected.

Finally, there is a growing number of reports describing genotype errors due to the presence of
rare or unknown SNPs, or SNPs within the amplified gene region that interfere with some TaqMan
assays (Thermo Fisher Scientific, Waltham, MA, USA) [65–67] (some, but not all of these assays have
been redesigned by the manufacturer to avoid such errors). Depending on the platform used and the
nature of the second allele, an allele conferring decreased or no function may be missed altogether or
may be determined to be homozygous, leading to inaccurate phenotype assignments. Other platforms
may produce ‘no-calls’ due to inconsistent SNP patterns [68,69] as reported for the AmpliChip CYP450
Test (Roche Molecular Diagnostics, Alameda, CA, USA, a product that is no longer available.

3. Other Factors That May Modulate CYP2D6 Expression Levels or Enzyme Activity

It must be emphasized that the AS is simply a starting point for predicting CYP2D6 phenotype,
and that a multitude of individual-specific factors, such as environment or co-administration of
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CYP2D6 substrates or inhibitors, may affect the actual phenotype, or activity, of a person at a given
time. The following sections are not intended to be all-inclusive, but rather exemplify why some
individuals may present with activity at the extreme ends of the distribution within their genotype
group, or with a phenotype that is discordant with the metabolizer status predicted by his/her
genotype. Use of the AS to guide clinical decision-making should also consider the factors described
below, amongst other patient factors.

3.1. Competing Pathways

Compounds used as phenotyping probes are principally metabolized by the CYP of interest, such
as DM, debrisoquine and sparteine for CYP2D6. The ideal substrate to be used as a phenotyping probe,
the pathway of interest should be exclusively responsible for the clearance of the probe [70]. In reality,
however, almost every CYP substrate is subject to biotransformation and clearance by multiple
competing pathways, including those used as phenotyping probes. For example, dextrorphan can be
detected in urine from CYP2D6 PMs, which is consistent with the observations that CYPs other than
CYP2D6 catalyze O-demethylation of DM [71]. Additionally, DM also undergoes N-demethylation by
other CYPs, such as CYP3A4 and CYP2C19 [71]. The impact of competing pathways varies depending
on the percent contribution of each enzyme on the metabolism and clearance of the parent drug. Thus
the magnitude of dose adjustments based on CYP2D6 AS or predicted phenotype (PM, IM, NM, UM)
will be drug-dependent, as reviewed by Stingl et al. [72]. Furthermore, the relative contribution of
pathways may shift in the presence of an inducer. CYP3A4 for instance may be a minor pathway
under normal circumstances, but may become more prominent when a CYP3A4-inducing agent is
co-administered [73]. Alternative pathways may also play a more prominent role in CYP2D6 poor
metabolizers compensating for the absence of CYP2D6 activity. Essentially, differences in the relative
contribution of CYP2D6 relative to the sum of all other competing pathways to overall drug clearance
is reflected by the magnitude of the difference in clearance or systemic drug exposure between PMs
and NMs (generally with two fully functional alleles).

3.2. Drug–Drug Interactions

The PK profile of a drug may be substantially altered in the presence of an inhibiting agent.
Numerous drugs including antidepressants (e.g., paroxetine and fluoxetine) are known to interact with
CYP2D6. Such drugs can cause phenoconversion meaning that an individual can presents with lower
or no activity compared to that predicted by a genotype test due to inhibition of the CYP2D6 enzyme.
For a detailed review of drug–drug-interactions (DDIs) involving CYP enzymes, we recommend
readers to refer to Bahar et al. [74].

Although study participants are typically asked to provide information on all medications taken,
there is always the possibility that not all are disclosed. Such cases do not necessarily present as
phenotype–genotype discordant, but may add to the variability observed among individuals of
the same genotype. The degree of inhibition depends on the potency of the inhibitor, but also the
particular allelic variants composing a patient’s genotype. Investigating DDIs between duloxetine,
paroxetine, dextromethorphan and tramadol, Storelli et al. [75] show that individuals with one
functional allele (AS = 1) converted to poor metabolism at a higher rate compared to those with
two functional alleles (AS = 2). The authors conclude that future research needs to investigate
additional genetic variants not tested by their study to better predict DDIs. They also discuss that
physiologically-based pharmacokinetic (PBPK) modeling, taking all known factors into account
including genetics, concomitant medications, etc. that contribute to a patient’s metabolic profile,
may be the most promising approach to better predict a patient’s activity at a given time.

3.3. Herbal Remedies

As reviewed by Thomford et al. [76], herbal remedies and supplements are generally considered
safe by most people and not considered to be ‘drugs’, but ‘natural’ and therefore harmless. Supplements
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may be taken for preventive and therapeutic purposes including the treatment of the same condition
for which conventional drug treatment is sought. Components of herbals may be metabolized through
cytochrome P450 including CYP2D6, or act as inhibitors thereby interfering with the metabolism of the
prescribed therapeutics or a probe drug administered for phenotyping purposes. There are a number
of herbals that are commonly used in West and Southern Africa that have been reported to interact
with CYP2D6. Hyptis suaveolens, also known as bush mint, bush tea or pignut, for example, is found in
many African countries, but also other tropical and subtropical regions around the works including
China, South America and the United States. Bush mint is used to treat a wide range of diseases and
ailments including cancer, diabetes, malaria, hepatitis and eczema, to name a few. Thomford et al. [77]
have shown in a recent report that crude bush mint extracts inhibit CYPs 1A2, 3A4 and 2D6, with the
strongest inhibition observed towards CYP2D6. Such herbal–drug interactions have the potential to
adversely interfere with drug therapy.

3.4. Physiological Factors That May Impact CP2D6 Expression and Activity

In addition to DDIs, there is growing evidence that biological and physicochemical factors may
also influence phenotype prediction from AS. A growing body of evidence indicates that certain
pro-inflammatory cytokines are released during inflammatory processes and can act as modulators
of CYP gene expression [78,79] directly or indirectly affecting CYP2D6 activity. Inflammation is a
complex protective response that can be triggered by a range of stimuli and present as acute (infections)
or chronic (e.g. allergic reactions, diabetes, asthma). The “Impact of physiological, pathological
and environmental factors on the expression and activity of CYP2D6 and implications in precision
medicine” has extensively been reviewed by He et al. [80]. Patients with hepatitis C, for instance, had
lower CYP2D6 activity compared to those not infected. On the other hand, diabetes and rheumatoid
arthritis do not appear to impact CYP2D6 activity. Although participants in phenotyping studies are
generally described as ‘healthy’, extrinsic factors such as an infections or other intermittent processes
could conceivably modulate drug metabolism and contribute to intra-individual variability, and thus
cause a person to deviate considerably from the mean activity observed for a genotype. Inflammation
may also exert an affect by impacting a CYP or other pharmacogene shifting the relative contribution
of CYP2D6. Clearly, more research is needed to more fully understand the extrinsic factors that play a
role in CYP2D6 variability.

In addition to inherent variability in renal excretion, urinary pH can also impact the apparent
urinary metabolic ratio and contribute to variability within a genotype group. Labbe et al. have
shown that a large portion (up to 80%) of variability observed in urinary ratios for the probe
drugs dextromethorphan and metoprolol can be explained by variation in the urinary pH within
the physiological range [12]. Hence, urinary pH should be accounted for when using urinary
metabolic ratios.

Furthermore, we are only starting to gain insights into the contribution of the microbiome on
overall health and its role in drug metabolism and response [81]. A recent study also provided
evidence that nutritional status, specifically fasting, alters P450-mediated drug metabolism in mice [82].
Whether, and to what extent, a person’s microbiome, nutritional and fasting status influences CYP
activity and CYP2D6 metabolizer status, intra- and interindividual variability, in particular, remains to
be explored, however.

4. Conclusions

Over the past 10 years, the concept of ‘activity score’ has gained acceptance as a tool to easily
predict CYP2D6 phenotype from a reported genotype/diplotype, and has been adopted for CPIC
guidelines intended to facilitate the application of pharmacogenetics knowledge into clinical care.
Nevertheless, it remains a crude tool, as considerable inter-individual variability in drug clearance and
other measures of phenotype exist within a given AS group. Characterization of the genetic factors
contributing to intra-activity score variability may allow refinement of the AS system, and identification
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of non-genetic factors may be included as covariates in decision support tools based on AS to
individualize dosing of CYP2D6 substrates.

Acknowledgments: We acknowledge funding of the authors through U54 HD090258-01 (J.S.L., A.G. and J.C.D.)
and R01 HD089455 and R01 GM112746 (H.J.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gaedigk, A. Complexities of CYP2D6 gene analysis and interpretation. Int. Rev. Psychiatry 2013, 25, 534–553.
[CrossRef] [PubMed]

2. Caudle, K.E.; Dunnenberger, H.M.; Freimuth, R.R.; Peterson, J.F.; Burlison, J.D.; Whirl-Carrillo, M.; Scott, S.A.;
Rehm, H.L.; Williams, M.S.; Klein, T.E.; et al. Standardizing terms for clinical pharmacogenetic test results:
Consensus terms from the Clinical Pharmacogenetics Implementation Consortium (CPIC). Genet. Med. 2016.
[CrossRef] [PubMed]

3. Gaedigk, A.; Simon, S.D.; Pearce, R.E.; Bradford, L.D.; Kennedy, M.J.; Leeder, J.S. The CYP2D6 activity score:
Translating genotype information into a qualitative measure of phenotype. Clin. Pharmacol. Ther. 2008, 83,
234–242. [CrossRef] [PubMed]

4. Crews, K.R.; Gaedigk, A.; Dunnenberger, H.M.; Leeder, J.S.; Klein, T.E.; Caudle, K.E.; Haidar, C.E.;
Shen, D.D.; Callaghan, J.T.; Sadhasivam, S.; et al. Clinical Pharmacogenetics Implementation Consortium
(CPIC) guidelines for cytochrome P450 2D6 (CYP2D6) genotype and codeine therapy: 2014 Update.
Clin. Pharmacol. Ther. 2014, 95, 376–382. [CrossRef] [PubMed]

5. Hicks, J.K.; Bishop, J.R.; Sangkuhl, K.; Muller, D.J.; Ji, Y.; Leckband, S.G.; Leeder, J.S.; Graham, R.L.;
Chiulli, D.L.; Llerena, A.; et al. Clinical Pharmacogenetics Implementation Consortium (CPIC)
Guideline for CYP2D6 and CYP2C19 Genotypes and Dosing of Selective Serotonin Reuptake Inhibitors.
Clin. Pharmacol. Ther. 2015, 98, 127–134. [CrossRef] [PubMed]

6. Hicks, J.K.; Sangkuhl, K.; Swen, J.J.; Ellingrod, V.L.; Muller, D.J.; Shimoda, K.; Bishop, J.R.; Kharasch, E.D.;
Skaar, T.C.; Gaedigk, A.; et al. Clinical pharmacogenetics implementation consortium guideline (CPIC) for
CYP2D6 and CYP2C19 genotypes and dosing of tricyclic antidepressants: 2016 update. Clin. Pharmacol. Ther.
2016. [CrossRef] [PubMed]

7. Shen, H.; He, M.M.; Liu, H.; Wrighton, S.A.; Wang, L.; Guo, B.; Li, C. Comparative metabolic capabilities
and inhibitory profiles of CYP2D6.1, CYP2D6.10, and CYP2D6.17. Drug Metab. Dispos. 2007, 35, 1292–1300.
[CrossRef] [PubMed]

8. Hicks, J.K.; Swen, J.J.; Gaedigk, A. Challenges in CYP2D6 Phenotype Assignment from Genotype Data:
A Critical Assessment and Call for Standardization. Curr. Drug Metab. 2014, 15, 218–223. [CrossRef]
[PubMed]

9. Goetz, M.P.; Sangkuhl, K.; Guchelaar, H.J.; Schwab, M.; Province, M.; Whirl-Carrillo, M.; Symmans, W.F.;
McLeod, H.L.; Ratain, M.J.; Zembutsu, H.; et al. Clinical Pharmacogenetics Implementation Consortium
(CPIC) Guideline for CYP2D6 and Tamoxifen Therapy. Clin. Pharmacol. Ther. 2018. [CrossRef] [PubMed]

10. Cai, W.M.; Nikoloff, D.M.; Pan, R.M.; de Leon, J.; Fanti, P.; Fairchild, M.; Koch, W.H.; Wedlund, P.J. CYP2D6
genetic variation in healthy adults and psychiatric African-American subjects: Implications for clinical
practice and genetic testing. Pharmacogenom. J. 2006, 6, 343–350. [CrossRef] [PubMed]

11. Streetman, D.S.; Ellis, R.E.; Nafziger, A.N.; Leeder, J.S.; Gaedigk, A.; Gotschall, R.; Kearns, G.L.; Bertino, J.S., Jr.
Dose dependency of dextromethorphan for cytochrome P450 2D6 (CYP2D6) phenotyping. Clin. Pharmacol.
Ther. 1999, 66, 535–541. [CrossRef]

12. Labbe, L.; Sirois, C.; Pilote, S.; Arseneault, M.; Robitaille, N.M.; Turgeon, J.; Hamelin, B.A. Effect of gender,
sex hormones, time variables and physiological urinary pH on apparent CYP2D6 activity as assessed by
metabolic ratios of marker substrates. Pharmacogenetics 2000, 10, 425–438. [CrossRef] [PubMed]

13. Llerena, A.; Dorado, P.; Ramirez, R.; Gonzalez, I.; Alvarez, M.; Penas-Lledo, E.M.; Perez, B.; Calzadilla, L.R.
CYP2D6 genotype and debrisoquine hydroxylation phenotype in Cubans and Nicaraguans. Pharmacogenom.
J. 2012. [CrossRef] [PubMed]

http://dx.doi.org/10.3109/09540261.2013.825581
http://www.ncbi.nlm.nih.gov/pubmed/24151800
http://dx.doi.org/10.1038/gim.2016.87
http://www.ncbi.nlm.nih.gov/pubmed/27441996
http://dx.doi.org/10.1038/sj.clpt.6100406
http://www.ncbi.nlm.nih.gov/pubmed/17971818
http://dx.doi.org/10.1038/clpt.2013.254
http://www.ncbi.nlm.nih.gov/pubmed/24458010
http://dx.doi.org/10.1002/cpt.147
http://www.ncbi.nlm.nih.gov/pubmed/25974703
http://dx.doi.org/10.1002/cpt.597
http://www.ncbi.nlm.nih.gov/pubmed/27997040
http://dx.doi.org/10.1124/dmd.107.015354
http://www.ncbi.nlm.nih.gov/pubmed/17470523
http://dx.doi.org/10.2174/1389200215666140202215316
http://www.ncbi.nlm.nih.gov/pubmed/24524666
http://dx.doi.org/10.1002/cpt.1007
http://www.ncbi.nlm.nih.gov/pubmed/29385237
http://dx.doi.org/10.1038/sj.tpj.6500378
http://www.ncbi.nlm.nih.gov/pubmed/16550211
http://dx.doi.org/10.1016/S0009-9236(99)70018-4
http://dx.doi.org/10.1097/00008571-200007000-00006
http://www.ncbi.nlm.nih.gov/pubmed/10898112
http://dx.doi.org/10.1038/tpj.2010.85
http://www.ncbi.nlm.nih.gov/pubmed/21135868


J. Pers. Med. 2018, 8, 15 12 of 15

14. Montane Jaime, L.K.; Lalla, A.; Steimer, W.; Gaedigk, A. Characterization of the CYP2D6 gene locus and
metabolic activity in Indo- and Afro-Trinidadians: Discovery of novel allelic variants. Pharmacogenomics
2013, 14, 261–276. [CrossRef] [PubMed]

15. Pedersen, R.S.; Damkier, P.; Brosen, K. Tramadol as a new probe for cytochrome P450 2D6 phenotyping:
A population study. Clin. Pharmacol. Ther. 2005, 77, 458–467. [CrossRef] [PubMed]

16. Gaedigk, A.; Sangkuhl, K.; Whirl-Carrillo, M.; Klein, T.; Leeder, J.S. Prediction of CYP2D6 phenotype from
genotype across world populations. Genet. Med. 2017, 19, 69–76. [CrossRef] [PubMed]

17. Abduljalil, K.; Frank, D.; Gaedigk, A.; Klaassen, T.; Tomalik-Scharte, D.; Jetter, A.; Jaehde, U.; Kirchheiner, J.;
Fuhr, U. Assessment of activity levels for CYP2D6*1, CYP2D6*2, and CYP2D6*41 genes by population
pharmacokinetics of dextromethorphan. Clin. Pharmacol. Ther. 2010, 88, 643–651. [CrossRef] [PubMed]

18. Montane Jaime, L.K.; Paul, J.; Lalla, A.; Legall, G.; Gaedigk, A. Impact of CYP2D6 on venlafaxine metabolism
in Trinidadian patients with major depressive disorder. Pharmacogenomics 2018, 19, 197–212. [CrossRef]
[PubMed]

19. Chen, R.; Zheng, X.; Hu, P. CYP2D6 Phenotyping Using Urine, Plasma, and Saliva Metabolic Ratios to Assess
the Impact of CYP2D6*10 on Interindividual Variation in a Chinese Population. Front. Pharmacol. 2017, 8,
239. [CrossRef] [PubMed]

20. Donzelli, M.; Derungs, A.; Serratore, M.G.; Noppen, C.; Nezic, L.; Krahenbuhl, S.; Haschke, M. The basel
cocktail for simultaneous phenotyping of human cytochrome P450 isoforms in plasma, saliva and dried
blood spots. Clin. Pharmacokinet. 2014, 53, 271–282. [CrossRef] [PubMed]

21. Hu, O.Y.; Tang, H.S.; Lane, H.Y.; Chang, W.H.; Hu, T.M. Novel single-point plasma or saliva
dextromethorphan method for determining CYP2D6 activity. J. Pharmacol. Exp. Ther. 1998, 285, 955–960.
[PubMed]

22. Mannheimer, B.; Haslemo, T.; Lindh, J.D.; Eliasson, E.; Molden, E. Risperidone and Venlafaxine Metabolic
Ratios Strongly Predict a CYP2D6 Poor Metabolizing Genotype. Ther. Drug Monit. 2016, 38, 127–134.
[CrossRef] [PubMed]

23. De Leon, J. Phenoconversion and therapeutic drug monitoring. Br. J. Clin. Pharmacol. 2015, 80, 777–778.
[CrossRef] [PubMed]

24. Yang, X.; Zhang, B.; Molony, C.; Chudin, E.; Hao, K.; Zhu, J.; Gaedigk, A.; Suver, C.; Zhong, H.; Leeder, J.S.;
et al. Systematic genetic and genomic analysis of cytochrome P450 enzyme activities in human liver.
Genome Res. 2010, 20, 1020–1036. [CrossRef] [PubMed]

25. Wang, D.; Poi, M.J.; Sun, X.; Gaedigk, A.; Leeder, J.S.; Sadee, W. Common CYP2D6 polymorphisms affecting
alternative splicing and transcription: Long-range haplotypes with two regulatory variants modulate
CYP2D6 activity. Hum. Mol. Genet. 2014, 23, 268–278. [CrossRef] [PubMed]

26. Wang, D.; Papp, A.C.; Sun, X. Functional characterization of CYP2D6 enhancer polymorphisms.
Hum. Mol. Genet. 2015, 24, 1556–1562. [CrossRef] [PubMed]

27. Forman, B.M.; Tzameli, I.; Choi, H.S.; Chen, J.; Simha, D.; Seol, W.; Evans, R.M.; Moore, D.D. Androstane
metabolites bind to and deactivate the nuclear receptor CAR-β. Nature 1998, 395, 612–615. [CrossRef]
[PubMed]

28. Kliewer, S.A.; Moore, J.T.; Wade, L.; Staudinger, J.L.; Watson, M.A.; Jones, S.A.; McKee, D.D.; Oliver, B.B.;
Willson, T.M.; Zetterstrom, R.H.; et al. An orphan nuclear receptor activated by pregnanes defines a novel
steroid signaling pathway. Cell 1998, 92, 73–82. [CrossRef]

29. Hogstedt, S.; Lindberg, B.; Rane, A. Increased oral clearance of metoprolol in pregnancy. Eur. J. Clin. Pharmacol.
1983, 24, 217–220. [CrossRef] [PubMed]

30. Hogstedt, S.; Lindberg, B.; Peng, D.R.; Regardh, C.G.; Rane, A. Pregnancy-induced increase in metoprolol
metabolism. Clin. Pharmacol. Ther. 1985, 37, 688–692. [CrossRef] [PubMed]

31. Wadelius, M.; Darj, E.; Frenne, G.; Rane, A. Induction of CYP2D6 in pregnancy. Clin. Pharmacol. Ther. 1997,
62, 400–407. [CrossRef]

32. Tracy, T.S.; Venkataramanan, R.; Glover, D.D.; Caritis, S.N. Temporal changes in drug metabolism (CYP1A2,
CYP2D6 and CYP3A activity) during pregnancy. Am. J. Obstet. Gynecol. 2005, 192, 633–639. [CrossRef]
[PubMed]

33. Koh, K.H.; Pan, X.; Shen, H.W.; Arnold, S.L.; Yu, A.M.; Gonzalez, F.J.; Isoherranen, N.; Jeong, H. Altered
expression of small heterodimer partner governs cytochrome P450 (CYP) 2D6 induction during pregnancy
in CYP2D6-humanized mice. J. Biol. Chem. 2014, 289, 3105–3113. [CrossRef] [PubMed]

http://dx.doi.org/10.2217/pgs.12.207
http://www.ncbi.nlm.nih.gov/pubmed/23394389
http://dx.doi.org/10.1016/j.clpt.2005.01.014
http://www.ncbi.nlm.nih.gov/pubmed/15961977
http://dx.doi.org/10.1038/gim.2016.80
http://www.ncbi.nlm.nih.gov/pubmed/27388693
http://dx.doi.org/10.1038/clpt.2010.137
http://www.ncbi.nlm.nih.gov/pubmed/20881950
http://dx.doi.org/10.2217/pgs-2017-0142
http://www.ncbi.nlm.nih.gov/pubmed/29327975
http://dx.doi.org/10.3389/fphar.2017.00239
http://www.ncbi.nlm.nih.gov/pubmed/28512430
http://dx.doi.org/10.1007/s40262-013-0115-0
http://www.ncbi.nlm.nih.gov/pubmed/24218006
http://www.ncbi.nlm.nih.gov/pubmed/9618394
http://dx.doi.org/10.1097/FTD.0000000000000251
http://www.ncbi.nlm.nih.gov/pubmed/26418700
http://dx.doi.org/10.1111/bcp.12659
http://www.ncbi.nlm.nih.gov/pubmed/25881716
http://dx.doi.org/10.1101/gr.103341.109
http://www.ncbi.nlm.nih.gov/pubmed/20538623
http://dx.doi.org/10.1093/hmg/ddt417
http://www.ncbi.nlm.nih.gov/pubmed/23985325
http://dx.doi.org/10.1093/hmg/ddu566
http://www.ncbi.nlm.nih.gov/pubmed/25381333
http://dx.doi.org/10.1038/26996
http://www.ncbi.nlm.nih.gov/pubmed/9783588
http://dx.doi.org/10.1016/S0092-8674(00)80900-9
http://dx.doi.org/10.1007/BF00613820
http://www.ncbi.nlm.nih.gov/pubmed/6840170
http://dx.doi.org/10.1038/clpt.1985.114
http://www.ncbi.nlm.nih.gov/pubmed/4006368
http://dx.doi.org/10.1016/S0009-9236(97)90118-1
http://dx.doi.org/10.1016/j.ajog.2004.08.030
http://www.ncbi.nlm.nih.gov/pubmed/15696014
http://dx.doi.org/10.1074/jbc.M113.526798
http://www.ncbi.nlm.nih.gov/pubmed/24318876


J. Pers. Med. 2018, 8, 15 13 of 15

34. Cairns, W.; Smith, C.A.; McLaren, A.W.; Wolf, C.R. Characterization of the human cytochrome P4502D6
promoter. A potential role for antagonistic interactions between members of the nuclear receptor family.
J. Biol. Chem. 1996, 271, 25269–25276. [CrossRef] [PubMed]

35. Gonzalez, F.J. Regulation of hepatocyte nuclear factor 4 α-mediated transcription. Drug Metab. Pharmacokinet.
2008, 23, 2–7. [CrossRef] [PubMed]

36. Lee, S.S.; Cha, E.Y.; Jung, H.J.; Shon, J.H.; Kim, E.Y.; Yeo, C.W.; Shin, J.G. Genetic polymorphism of hepatocyte
nuclear factor-4α influences human cytochrome P450 2D6 activity. Hepatology 2008, 48, 635–645. [CrossRef]
[PubMed]

37. Koh, K.H.; Pan, X.; Zhang, W.; McLachlan, A.; Urrutia, R.; Jeong, H. Kruppel-like factor 9 promotes hepatic
cytochrome P450 2D6 expression during pregnancy in CYP2D6-humanized mice. Mol. Pharmacol. 2014, 86,
727–735. [CrossRef] [PubMed]

38. Cai, S.Y.; He, H.; Nguyen, T.; Mennone, A.; Boyer, J.L. Retinoic acid represses CYP7A1 expression in human
hepatocytes and HepG2 cells by FXR/RXR-dependent and independent mechanisms. J. Lipid Res. 2010, 51,
2265–2274. [CrossRef] [PubMed]

39. Chanda, D.; Park, J.H.; Choi, H.S. Molecular basis of endocrine regulation by orphan nuclear receptor Small
Heterodimer Partner. Endocr. J. 2008, 55, 253–268. [CrossRef] [PubMed]

40. Li, T.; Chiang, J.Y. Bile acid signaling in metabolic disease and drug therapy. Pharmacol. Rev. 2014, 66,
948–983. [CrossRef] [PubMed]

41. Pan, X.; Lee, Y.K.; Jeong, H. Farnesoid X Receptor Agonist Represses Cytochrome P450 2D6 Expression by
Upregulating Small Heterodimer Partner. Drug Metab. Dispos. 2015, 43, 1002–1007. [CrossRef] [PubMed]

42. Pan, X.; Jeong, H. Estrogen-Induced Cholestasis Leads to Repressed CYP2D6 Expression in
CYP2D6-Humanized Mice. Mol. Pharmacol. 2015, 88, 106–112. [CrossRef] [PubMed]

43. Temesvari, M.; Kobori, L.; Paulik, J.; Sarvary, E.; Belic, A.; Monostory, K. Estimation of drug-metabolizing
capacity by cytochrome P450 genotyping and expression. J. Pharmacol. Exp. Ther. 2012, 341, 294–305.
[CrossRef] [PubMed]

44. Rodriguez-Antona, C.; Donato, M.T.; Pareja, E.; Gomez-Lechon, M.J.; Castell, J.V. Cytochrome P-450 mRNA
expression in human liver and its relationship with enzyme activity. Arch. Biochem. Biophys. 2001, 393,
308–315. [CrossRef] [PubMed]

45. Zanger, U.M.; Fischer, J.; Raimundo, S.; Stuven, T.; Evert, B.O.; Schwab, M.; Eichelbaum, M. Comprehensive
analysis of the genetic factors determining expression and function of hepatic CYP2D6. Pharmacogenetics
2001, 11, 573–585. [CrossRef] [PubMed]

46. Koturbash, I.; Tolleson, W.H.; Guo, L.; Yu, D.; Chen, S.; Hong, H.; Mattes, W.; Ning, B. microRNAs as
pharmacogenomic biomarkers for drug efficacy and drug safety assessment. Biomark. Med. 2015, 9,
1153–1176. [CrossRef] [PubMed]

47. Swart, M.; Dandara, C. Genetic variation in the 3′-UTR of CYP1A2, CYP2B6, CYP2D6, CYP3A4, NR1I2, and
UGT2B7: Potential effects on regulation by microRNA and pharmacogenomics relevance. Front. Genet. 2014,
5, 167. [CrossRef] [PubMed]

48. Burgess, K.S.; Philips, S.; Benson, E.A.; Desta, Z.; Gaedigk, A.; Gaedigk, R.; Segar, M.W.; Liu, Y.; Skaar, T.C.
Age-Related Changes in MicroRNA Expression and Pharmacogenes in Human Liver. Clin. Pharmacol. Ther.
2015, 98, 205–215. [CrossRef] [PubMed]

49. Burgess, K.S.; Ipe, J.; Swart, M.; Metzger, I.F.; Lu, J.; Gufford, B.T.; Thong, N.; Desta, Z.; Gaedigk, R.; Pearce, R.;
et al. Variants in the CYP2B6 3'UTR alter in vitro and in vivo CYP2B6 activity: Potential role of microRNAs.
Clin. Pharmacol. Ther. 2017. [CrossRef] [PubMed]

50. Pan, Y.Z.; Gao, W.; Yu, A.M. MicroRNAs regulate CYP3A4 expression via direct and indirect targeting.
Drug Metab. Dispos. 2009, 37, 2112–2117. [CrossRef] [PubMed]

51. Mohri, T.; Nakajima, M.; Fukami, T.; Takamiya, M.; Aoki, Y.; Yokoi, T. Human CYP2E1 is regulated by
miR-378. Biochem. Pharmacol. 2010, 79, 1045–1052. [CrossRef] [PubMed]

52. Yu, D.; Green, B.; Marrone, A.; Guo, Y.; Kadlubar, S.; Lin, D.; Fuscoe, J.; Pogribny, I.; Ning, B. Suppression of
CYP2C9 by microRNA hsa-miR-128-3p in human liver cells and association with hepatocellular carcinoma.
Sci. Rep. 2015, 5, 8534. [CrossRef] [PubMed]

53. Tsuchiya, Y.; Nakajima, M.; Takagi, S.; Taniya, T.; Yokoi, T. MicroRNA regulates the expression of human
cytochrome P450 1B1. Cancer Res. 2006, 66, 9090–9098. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.271.41.25269
http://www.ncbi.nlm.nih.gov/pubmed/8810289
http://dx.doi.org/10.2133/dmpk.23.2
http://www.ncbi.nlm.nih.gov/pubmed/18305369
http://dx.doi.org/10.1002/hep.22396
http://www.ncbi.nlm.nih.gov/pubmed/18666237
http://dx.doi.org/10.1124/mol.114.093666
http://www.ncbi.nlm.nih.gov/pubmed/25217496
http://dx.doi.org/10.1194/jlr.M005546
http://www.ncbi.nlm.nih.gov/pubmed/20338915
http://dx.doi.org/10.1507/endocrj.K07E-103
http://www.ncbi.nlm.nih.gov/pubmed/17984569
http://dx.doi.org/10.1124/pr.113.008201
http://www.ncbi.nlm.nih.gov/pubmed/25073467
http://dx.doi.org/10.1124/dmd.115.064758
http://www.ncbi.nlm.nih.gov/pubmed/25926433
http://dx.doi.org/10.1124/mol.115.098822
http://www.ncbi.nlm.nih.gov/pubmed/25943116
http://dx.doi.org/10.1124/jpet.111.189597
http://www.ncbi.nlm.nih.gov/pubmed/22262920
http://dx.doi.org/10.1006/abbi.2001.2499
http://www.ncbi.nlm.nih.gov/pubmed/11556818
http://dx.doi.org/10.1097/00008571-200110000-00004
http://www.ncbi.nlm.nih.gov/pubmed/11668217
http://dx.doi.org/10.2217/bmm.15.89
http://www.ncbi.nlm.nih.gov/pubmed/26501795
http://dx.doi.org/10.3389/fgene.2014.00167
http://www.ncbi.nlm.nih.gov/pubmed/24926315
http://dx.doi.org/10.1002/cpt.145
http://www.ncbi.nlm.nih.gov/pubmed/25968989
http://dx.doi.org/10.1002/cpt.892
http://www.ncbi.nlm.nih.gov/pubmed/28960269
http://dx.doi.org/10.1124/dmd.109.027680
http://www.ncbi.nlm.nih.gov/pubmed/19581388
http://dx.doi.org/10.1016/j.bcp.2009.11.015
http://www.ncbi.nlm.nih.gov/pubmed/19945440
http://dx.doi.org/10.1038/srep08534
http://www.ncbi.nlm.nih.gov/pubmed/25704921
http://dx.doi.org/10.1158/0008-5472.CAN-06-1403
http://www.ncbi.nlm.nih.gov/pubmed/16982751


J. Pers. Med. 2018, 8, 15 14 of 15

54. Zeng, L.; Chen, Y.; Wang, Y.; Yu, L.R.; Knox, B.; Chen, J.; Shi, T.; Chen, S.; Ren, Z.; Guo, L.; et al. MicroRNA
hsa-miR-370-3p suppresses the expression and induction of CYP2D6 by facilitating mRNA degradation.
Biochem. Pharmacol. 2017, 140, 139–149. [CrossRef] [PubMed]

55. Gaedigk, A.; Ingelman-Sundberg, M.; Miller, N.A.; Leeder, J.S.; Whirl-Carrillo, M.; Klein, T.E.
The Pharmacogene Variation (PharmVar) Consortium: Incorporation of the Human Cytochrome P450
(CYP) Allele Nomenclature Database. Clin. Pharmacol. Ther. 2017. [CrossRef] [PubMed]

56. Tyndale, R.; Aoyama, T.; Broly, F.; Matsunaga, T.; Inaba, T.; Kalow, W.; Gelboin, H.V.; Meyer, U.A.;
Gonzalez, F.J. Identification of a new variant CYP2D6 allele lacking the codon encoding Lys-281: Possible
association with the poor metabolizer phenotype. Pharmacogenetics 1991, 1, 26–32. [CrossRef] [PubMed]

57. Hanioka, N.; Okumura, Y.; Saito, Y.; Hichiya, H.; Soyama, A.; Saito, K.; Ueno, K.; Sawada, J.; Narimatsu, S.
Catalytic roles of CYP2D6.10 and CYP2D6.36 enzymes in mexiletine metabolism: In vitro functional analysis
of recombinant proteins expressed in Saccharomyces cervisiae. Biochem. Pharmacol. 2006, 71, 1386–1395.
[CrossRef] [PubMed]

58. Toscano, C.; Klein, K.; Blievernicht, J.; Schaeffeler, E.; Saussele, T.; Raimundo, S.; Eichelbaum, M.; Schwab, M.;
Zanger, U.M. Impaired expression of CYP2D6 in intermediate metabolizers carrying the *41 allele caused
by the intronic SNP 2988G>A: Evidence for modulation of splicing events. Pharmacogenet. Genom. 2006, 16,
755–766. [CrossRef] [PubMed]

59. Brown, J.T.; Abdel-Rahman, S.M.; van Haandel, L.; Gaedigk, A.; Lin, Y.S.; Leeder, J.S. Single dose, CYP2D6
genotype-stratified pharmacokinetic study of atomoxetine in children with ADHD. Clin. Pharmacol. Ther.
2016, 99, 642–650. [CrossRef] [PubMed]

60. Ning, M.; Duarte, J.D.; Rubin, L.H.; Jeong, H. CYP2D6 protein level is the major contributor to
inter-individual variability in CYP2D6-mediated drug metabolism in healthy human liver tissue.
Clin. Pharmacol. Ther. 2018. [CrossRef] [PubMed]

61. Dodgen, T.M.; Hochfeld, W.E.; Fickl, H.; Asfaha, S.M.; Durandt, C.; Rheeder, P.; Drogemoller, B.I.;
Wright, G.E.; Warnich, L.; Labuschagne, C.D.; et al. Introduction of the AmpliChip CYP450 Test to a
South African cohort: A platform comparative prospective cohort study. BMC Med. Genet. 2013, 14, 20.
[CrossRef] [PubMed]

62. Gaedigk, A.; Twist, G.P.; Farrow, E.G.; Lowry, J.A.; Soden, S.E.; Miller, N.A. In vivo characterization of
CYP2D6*12, *29 and *84 using dextromethorphan as a probe drug: A case report. Pharmacogenomics 2017, 18,
427–431. [CrossRef] [PubMed]

63. Qiao, W.; Yang, Y.; Sebra, R.; Mendiratta, G.; Gaedigk, A.; Desnick, R.J.; Scott, S.A. Long-Read Single Molecule
Real-Time Full Gene Sequencing of Cytochrome P450-2D6. Hum. Mutat. 2016, 37, 315–323. [CrossRef]
[PubMed]

64. Qian, J.C.; Xu, X.M.; Hu, G.X.; Dai, D.P.; Xu, R.A.; Hu, L.M.; Li, F.H.; Zhang, X.H.; Yang, J.F.; Cai, J.P.
Genetic variations of human CYP2D6 in the Chinese Han population. Pharmacogenomics 2013, 14, 1731–1743.
[CrossRef] [PubMed]

65. Riffel, A.K.; Dehghani, M.; Hartshorne, T.; Floyd, K.C.; Leeder, J.S.; Rosenblatt, K.P.; Gaedigk, A. CYP2D7
Sequence Variation Interferes with TaqMan CYP2D6*15 and *35 Genotyping. Front. Pharmacol. 2015, 6, 312.
[CrossRef] [PubMed]

66. Gaedigk, A.; Riffel, A.K.; Leeder, J.S. CYP2D6 Haplotype Determination Using Long Range Allele-Specific
Amplification: Resolution of a Complex Genotype and a Discordant Genotype Involving the CYP2D6*59
Allele. J. Mol. Diagn. 2015, 17, 740–748. [CrossRef] [PubMed]

67. Gaedigk, A.; Freeman, N.; Hartshorne, T.; Riffel, A.K.; Irwin, D.; Bishop, J.R.; Stein, M.A.; Newcorn, J.H.;
Jaime, L.K.; Cherner, M.; et al. SNP genotyping using TaqMan technology: The CYP2D6*17 assay conundrum.
Sci. Rep. 2015, 5, 9257. [CrossRef] [PubMed]

68. Gaedigk, A.; Garcia-Ribera, C.; Jeong, H.E.; Shin, J.G.; Hernandez-Sanchez, J. Resolution of a clinical
AmpliChip CYP450 Test no call: Discovery and characterization of novel CYP2D6*1 haplotypes.
Pharmacogenomics 2014, 15, 1175–1184. [CrossRef] [PubMed]

69. Gaedigk, A.; Riffel, A.K.; Berrocal, B.G.; Solaesa, V.G.; Davila, I.; Isidoro-Garcia, M. Characterization
of a complex CYP2D6 genotype that caused an AmpliChip CYP450 Test no-call in the clinical setting.
Clin. Chem. Lab. Med. 2014, 52, 799–807. [CrossRef] [PubMed]

70. Frank, D.; Jaehde, U.; Fuhr, U. Evaluation of probe drugs and pharmacokinetic metrics for CYP2D6
phenotyping. Eur. J. Clin. Pharmacol. 2007, 63, 321–333. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bcp.2017.05.018
http://www.ncbi.nlm.nih.gov/pubmed/28552654
http://dx.doi.org/10.1002/cpt.910
http://www.ncbi.nlm.nih.gov/pubmed/29134625
http://dx.doi.org/10.1097/00008571-199110000-00005
http://www.ncbi.nlm.nih.gov/pubmed/1844820
http://dx.doi.org/10.1016/j.bcp.2006.01.019
http://www.ncbi.nlm.nih.gov/pubmed/16527257
http://dx.doi.org/10.1097/01.fpc.0000230112.96086.e0
http://www.ncbi.nlm.nih.gov/pubmed/17001295
http://dx.doi.org/10.1002/cpt.319
http://www.ncbi.nlm.nih.gov/pubmed/26660002
http://dx.doi.org/10.1002/cpt.1032
http://www.ncbi.nlm.nih.gov/pubmed/29349771
http://dx.doi.org/10.1186/1471-2350-14-20
http://www.ncbi.nlm.nih.gov/pubmed/23356658
http://dx.doi.org/10.2217/pgs-2016-0192
http://www.ncbi.nlm.nih.gov/pubmed/28290770
http://dx.doi.org/10.1002/humu.22936
http://www.ncbi.nlm.nih.gov/pubmed/26602992
http://dx.doi.org/10.2217/pgs.13.160
http://www.ncbi.nlm.nih.gov/pubmed/24192122
http://dx.doi.org/10.3389/fphar.2015.00312
http://www.ncbi.nlm.nih.gov/pubmed/26793106
http://dx.doi.org/10.1016/j.jmoldx.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26335396
http://dx.doi.org/10.1038/srep09257
http://www.ncbi.nlm.nih.gov/pubmed/25788121
http://dx.doi.org/10.2217/pgs.14.94
http://www.ncbi.nlm.nih.gov/pubmed/25141893
http://dx.doi.org/10.1515/cclm-2013-0943
http://www.ncbi.nlm.nih.gov/pubmed/24445243
http://dx.doi.org/10.1007/s00228-006-0250-8
http://www.ncbi.nlm.nih.gov/pubmed/17273835


J. Pers. Med. 2018, 8, 15 15 of 15

71. Von Moltke, L.L.; Greenblatt, D.J.; Grassi, J.M.; Granda, B.W.; Venkatakrishnan, K.; Schmider, J.; Harmatz, J.S.;
Shader, R.I. Multiple human cytochromes contribute to biotransformation of dextromethorphan in-vitro:
Role of CYP2C9, CYP2C19, CYP2D6, and CYP3A. J. Pharm. Pharmacol. 1998, 50, 997–1004. [CrossRef]
[PubMed]

72. Stingl, J.C.; Brockmoller, J.; Viviani, R. Genetic variability of drug-metabolizing enzymes: The dual impact on
psychiatric therapy and regulation of brain function. Mol. Psychiatry 2013, 18, 273–287. [CrossRef] [PubMed]

73. De Leon, J.; Sandson, N.B.; Cozza, K.L. A preliminary attempt to personalize risperidone dosing using
drug-drug interactions and genetics: Part II. Psychosomatics 2008, 49, 347–361. [CrossRef] [PubMed]

74. Bahar, M.A.; Setiawan, D.; Hak, E.; Wilffert, B. Pharmacogenetics of drug-drug interaction and
drug-drug-gene interaction: A systematic review on CYP2C9, CYP2C19 and CYP2D6. Pharmacogenomics
2017, 18, 701–739. [CrossRef] [PubMed]

75. Storelli, F.; Matthey, A.; Lenglet, S.; Thomas, A.; Desmeules, J.; Daali, Y. Impact of CYP2D6 functional allelic
variations on phenoconversion and drug-drug interactions. Clin. Pharmacol. Ther. 2017. [CrossRef] [PubMed]

76. Thomford, N.E.; Dzobo, K.; Chopera, D.; Wonkam, A.; Skelton, M.; Blackhurst, D.; Chirikure, S.; Dandara, C.
Pharmacogenomics Implications of Using Herbal Medicinal Plants on African Populations in Health
Transition. Pharmaceuticals 2015, 8, 637–663. [CrossRef] [PubMed]

77. Thomford, N.E.; Dzobo, K.; Adu, F.; Chirikure, S.; Wonkam, A.; Dandara, C. Bush mint (Hyptis suaveolens)
and spreading hogweed (Boerhavia diffusa) medicinal plant extracts differentially affect activities of CYP1A2,
CYP2D6 and CYP3A4 enzymes. J. Ethnopharmacol. 2017, 211, 58–69. [CrossRef] [PubMed]

78. Shah, R.R. Pharmacogenetics and precision medicine: Is inflammation a covert threat to effective
genotype-based therapy? Ther. Adv. Drug Saf. 2017, 8, 267–272. [CrossRef] [PubMed]

79. Shah, R.R.; Smith, R.L. Inflammation-induced phenoconversion of polymorphic drug metabolizing enzymes:
Hypothesis with implications for personalized medicine. Drug Metab. Dispos. 2015, 43, 400–410. [CrossRef]
[PubMed]

80. He, Z.X.; Chen, X.W.; Zhou, Z.W.; Zhou, S.F. Impact of physiological, pathological and environmental factors
on the expression and activity of human cytochrome P450 2D6 and implications in precision medicine.
Drug Metab. Rev. 2015, 47, 470–519. [CrossRef] [PubMed]

81. Koppel, N.; Maini Rekdal, V.; Balskus, E.P. Chemical transformation of xenobiotics by the human gut
microbiota. Science 2017, 356, eaag2770. [CrossRef] [PubMed]

82. De Vries, E.M.; Lammers, L.A.; Achterbergh, R.; Klumpen, H.J.; Mathot, R.A.; Boelen, A.; Romijn, J.A.
Fasting-Induced Changes in Hepatic P450 Mediated Drug Metabolism Are Largely Independent of the
Constitutive Androstane Receptor CAR. PLoS ONE 2016, 11, e0159552. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.2042-7158.1998.tb06914.x
http://www.ncbi.nlm.nih.gov/pubmed/9811160
http://dx.doi.org/10.1038/mp.2012.42
http://www.ncbi.nlm.nih.gov/pubmed/22565785
http://dx.doi.org/10.1176/appi.psy.49.4.347
http://www.ncbi.nlm.nih.gov/pubmed/18621942
http://dx.doi.org/10.2217/pgs-2017-0194
http://www.ncbi.nlm.nih.gov/pubmed/28480783
http://dx.doi.org/10.1002/cpt.889
http://www.ncbi.nlm.nih.gov/pubmed/28940476
http://dx.doi.org/10.3390/ph8030637
http://www.ncbi.nlm.nih.gov/pubmed/26402689
http://dx.doi.org/10.1016/j.jep.2017.09.023
http://www.ncbi.nlm.nih.gov/pubmed/28942133
http://dx.doi.org/10.1177/2042098617712657
http://www.ncbi.nlm.nih.gov/pubmed/28861210
http://dx.doi.org/10.1124/dmd.114.061093
http://www.ncbi.nlm.nih.gov/pubmed/25519488
http://dx.doi.org/10.3109/03602532.2015.1101131
http://www.ncbi.nlm.nih.gov/pubmed/26574146
http://dx.doi.org/10.1126/science.aag2770
http://www.ncbi.nlm.nih.gov/pubmed/28642381
http://dx.doi.org/10.1371/journal.pone.0159552
http://www.ncbi.nlm.nih.gov/pubmed/27434302
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Genetic Factors Impacting mRNA and Protein Expression Levels 
	Long-Range Enhancer Single Nucleotide Polymorphism 
	Regulation of CYP2D6 Expression via Transcription Factors 
	Regulation of CYP2D6 Expression via miRNA 
	Variability in the Amount of CYP2D6 Protein among Liver Tissue Samples with the Same Activity Score or Genotype 
	Missing Genetic Information: Variability Due to Untested Variation, Variation of Unknown Function, Novel Variants and Technical Errors 

	Other Factors That May Modulate CYP2D6 Expression Levels or Enzyme Activity 
	Competing Pathways 
	Drug–Drug Interactions 
	Herbal Remedies 
	Physiological Factors That May Impact CP2D6 Expression and Activity 

	Conclusions 
	References

