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ABSTRACT

Cytochrome P450 2D6 (CYP2D6) is an enzyme
of great importance for the metabolism of clinically
used drugs. More than 100 variants of the CYP2D6
gene have been identified so far. The aim of this
study was to investigate the allele distribution of
CYP2D6 gene variants in 100 individuals of each of
the Macedonian, Albanian and Romany population,
by genotyping using long range polymerase chain
reaction (PCR) and a multiplex single base exten-
sion method. The most frequent variants and almost
equally distributed in the three groups were the fully
functional alleles */ and *2. The most common non
functional allele in all groups was *4 that was found
in 22.5% of the Albanians. The most common allele
with decreased activity was *4/ which was found in
23.0% of the Romany ethnic group, in 11.0% of the
Macedonians and in 10.5% of the Albanians. Seven
percent of the Albanians, 6.0% of the Romani and
4.0% of the Macedonians were poor metabolizers,
while 5.0% of the Macedonians, 1.0% of Albanians
and 1.0% of the Romanies were ultrarapid metabo-
lizers. We concluded that the CYP2D6 gene locus is
highly heterogeneous in these groups and that the
prevalence of the CYP2D6 allele variants and geno-
types in the Republic of Macedonia is in accordance
with that of other European populations.
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INTRODUCTION

Physiological responses to the same drug are
known to vary substantially between different indi-
viduals. Although this may result from environmental
and physiological factors or drug-drug interactions,
in many cases the response is inherited and arises
from a polymorphism in genes that encode drug
transporters, drug receptors, and especially, drug-
metabolizing enzymes [1]. Of the genes that encode
drug-metabolizing enzymes, CYP2D6, a member of
the cytochrome P450 superfamily (CYP450), is well
characterized.

Approximately 57 CYP genes that encode cy-
tochrome P450 proteins and 58 pseudogenes are
present in the human genome and are classified
into distinct families and subfamilies according to
their sequence similarity [2]. The CYP2D subfamily
comprises the CYP2D6 gene and two pseudogenes
(CYP2D7 and CYP2DS$), located in tandem on chro-
mosome 22q13.1, at the 3’ end of the CYP2D cluster.
The CYP2D6 gene contains nine exons comprised
of 1461 codons. The evolution of this locus has in-
volved elimination of three genes and inactivation of
two neighboring genes (CYP2D7 and CYP2DS), all
of which display 92.0-97.0% nucleotide similarity
across their sequences [3]. The CYP2D6 gene medi-
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ates the metabolism of almost a quarter of drugs in
common clinical use, including opiate analgesics,
antiarrhythmics, antipsychotics, antidepressants,
tamoxifen and 3 blockers [1].

The CYP2D6 gene is highly polymorphic, with
more than 100 variations and numerous subvariants
having been identified [4]. These variations include:
single-base changes, short insertions and deletions,
major deletions [5] and whole gene duplications [6].

There are four major phenotype classes: ultra-
rapid metabolizers (UMs), extensive metabolizers
(EMs), poor metabolizers (PMs) and intermediate
metabolizers (IMs) and two subclasses: IMS to EMs
and PMs to IMs. The sub-classification of the inter-
mediate metabolizers is ascribed to the wide spectrum
of metabolic activity that can range from marginally
better than the PM phenotype to activity that is close
to that of the EM phenotype (Table 1) [4,7].

The EM phenotype is expressed by the majority
of the population and is therefore considered “the
norm” [8]. Poor metabolizers inherit two null CY-
P2D6 alleles that include at least 22 different alleles
which do not encode a functional protein and show no
detectable residual enzymatic activity. This leads to
accumulation of high levels of unmetabolized drugs
that are CYP2D6 substrates, greater potential for ad-
verse effects and drug-drug interactions, and lower
efficacy of drugs that require CYP2D6 activation [9].
The UM phenotype is caused by amplification of
active CYP2D6 genes, primarily the CYP2D6*] and
CYP 2D6*2 alleles. Individuals with this phenotype
metabolize drugs at an ultrarapid rate, which may lead
to loss of therapeutic efficacy at standard doses [10].
Individuals who are heterozygous for a defective

and a fully active CYP2D6 allele or are homozygous
for an allele with decreased activity, for example
alleles *10, *17, *36 and *41, often demonstrate an
IM phenotype [11]. Previous genetic studies showed
high levels of CYP2D6 polymorphism, both within
and between populations [12], and a surprisingly
high frequency of null and reduced function variants.

Poor metabolizers account for 5.0 to 10.0% of
the Caucasian population and less than 1.0% of the
Asian population [13]. In Caucasians, common de-
ficient alleles include CYP2D6*3, *4, *5 and *6, ac-
counting for about 98.0% of PMs [14]. On the other
hand, the decreased activity allele *4/ is predomi-
nantly present in the Middle East, with frequencies
reaching up to 22.5% [15].

In contrast to PMs, UMs usually carry a dupli-
cated, or even multiduplicated (up to 13 copies of
CYP2D6) active CYP2D6 allele (CYP2D6*xN). The
frequencies of CYP 2D6*xN vary greatly between
races [16]. Both CYP2D6*5 and CYP2D6*xN result
from CYP2D6 gene rearrangement [ 17] and comprise
CYP2D6 gene copy number variations.

The CYP2D6 genotyping to predict metabolic
status is considered a valid alternative to traditional
phenotyping methods [18]. Assessing the CYP2D6
genotype also offers several distinct advantages over
the experimental determination of a CYP2D6 pheno-
type [19]. Genotyping usually requires only a blood
sample and can be done before a drug is given to a
patient. It therefore may facilitate improved drug
efficiency and diminished risk for adverse drug reac-
tions [20]. The aim of this study was to investigate
the allele distribution of CYP2D6 variants in Mace-
donian, Albanian and Romany populations as well

Table 1. CYP2D64 major phenotype classes and two subclasses [4,7]°.

E:f;;f}el;lzzgushmo type® Combination of Alleles

UM A combination of one normal activity allele with one increased activity allele

EM Two normal activity alleles; a combination of one increased activity allele with one decreased
activity allele

IM to EM A combinatiqn ‘of one norrpal activity all§l§ with one decreased activity allele; a combination of one
increased activity allele with one null activity allele

M One normal activity allele with one null activity allele; two decreased activity alleles

PM to IM A combination of one decreased activity allele with one null activity allele

PM Only null activity alleles detected

* The phenotypes were derived from the Human Cytochrome P450 (CYP) Allele Nomenclature Committee website [4] and the PharmGKB website
for the related Clinical Pharmacogenetics Implementation Consortium guidelines for CYP2D6 [7].

> UM: ultrarapid metabolizer; EM: extensive metabolizer; IM: intermediate metabolizer; PM: poor metabolizer.
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as to implement our findings in the clinical practice
in the Republic of Macedonia.

MATERIALS AND METHODS

DNA Samples. DNA material for genotyping
from Macedonians (n = 100), Albanians (n = 100)
and Romanies (n = 100), was obtained from the DNA
bank of the Research Centre for Genetic Engineer-
ing and Biotechnology “Georgi D. Efremov” at the
Macedonian Academy of Science and Arts, Skopje,
Republic of Macedonia. We decided to analyze 100
samples from each ethnicity, in order to be able to
compare and statistically process the obtained results.
The number of samples from each ethnic group does
not reflect the actual representation of ethnicities in
the Republic of Macedonia. The Ethics Committee
of the Macedonian Academy of Science and Arts
approved this study. The samples were anonymized
after collection.

CYP2D6 Genotyping. The genotyping was per-
formed following a recently described protocol by
Sistonen et al. [21], based on a combination of long
range polymerase chain reaction (PCR), to detect
whole-gene deletion/ duplication and multiplex ex-
tension of unlabeled oligo-nucleotide primers with
fluorescently labeled dideoxynucleotide triphos-
phates (ABI PRISM® SNaPshot Multiplex Kit; Life
Technologies, Carlsbad, CA, USA) to characterize 11
relevant polymorphic positions in the coding region
of CYP2D6. This made it possible to identify CYP
2D6 variants which are highly represented in different
human populations (i.e., *2, *4, *10, *17, *29, *39,
*41), rare variants known to be responsible for low
or null metabolic activity (i.e., *3, *6 and *9), and
whole gene deletion (*5) and duplications (*/xN,
*2xN). This permitted us to identify the mutations that
are generally thought to comprise more than 90.0%
of known variants in Europeans [22], and mutation
1023 (C>T) which is rare in Europe, but is common
in African populations. The haplotypes which did not
show any of these mutations were classified as */.

Three parallel long range-PCRs were run for
each sample using Expand Long Template PCR Sys-
tem (Roche Diagnostics, Basel, Switzerland). We ob-
tained a 5.1 kb fragment containing all nine CYP2D6
exons using CYP 2D6-F [21] and CYP2D6-R primers
[21]. This product was used as a template in order
to be able to type 11 positions in one reaction, based
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on single-base primer extension with fluorescently-
labelled ddNTPs (ABI PRISM® SNaPshot Multiplex
Kit; Life Technologies).

The 25 pL reaction mixture contained 2U en-
zyme mix, Expand Long Template Buffer 1, 2 x con-
centrated, with 17.5 mM MgCl,, 0.2 mM each dide-
oxynucleotide triphosphate, 0.4 uM of each primer,
and 50 ng of genomic DNA. The PCR reaction was
conducted as follows: denaturation at 94°C for 10
min., 10 cycles at 94°C for 30 seconds and 68°C for
30 seconds, 25 cycles at 94°C for 30 seconds and
68°C for 10 min. and 15 seconds, plus 15 seconds
per cycle, and a final extension at 68°C for 30 min.

The long range-PCR products were analyzed on
0.8% agarose gels, and the 5.1 kb fragments were
purified by use of 1 uL of ExoSAP-IT (USB, Af-
fymetrix Inc., San Diego, CA, USA) overnight at
37°C (2 uL PCR product + 1 uL Exo SAP IT). The
reaction ended with inactivation of the enzyme at
86°C for 20 min.

The purified 5.1 kb product was used as tem-
plate in the SNaPshot (Life Technologies) reaction.
In the following single-base extension reaction, the
detection primers annealed adjacent to the single
nucleotide polymorphism (SNP) position and was
extended with fluorescently- labeled dideoxynucleo-
tide triphosphates. The SNaPshot (Life Technologies)
reaction contained 3.0 pL of purified PCR product,
1 pL of pooled detection primers [21], 1 uL water
and 1 pL of SNaPshot (Life Technologies) ready
reaction mixture in a final volume of 7 uL. The cy-
cling profile was 25 cycles at 96°C for 10 seconds,
55°C for 10 seconds and 60°C for 30 seconds. After
the reaction, 5-phosphoryl groups of unincorporated
dideoxynucleotide triphosphates were removed by
addition of SAP (shrimp alkaline phosphatase) (USB,
Affymetrix Inc.) for 1 hour at 37°C, followed by
enzyme inactivation at 86°C for 20 min. Capillary
electrophoresis of samples was performed on the
ABI PRISM® 3130 genetic analyzer with L1Z120
(Life Technologies) as a size standard. The obtained
results were analyzed with GeneScan 4.0 software
(Life Technologies).

Two additional long range-PCR reactions were
used to analyze the major rearrangements, i.e., du-
plication or deletion of the entire CYP2D6 gene [21].
Both deletion and duplication PCR reactions were
performed in a reaction volume of 12 pL containing
1U enzyme mix from the Expand Long Template
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PCR System (Roche Diagnostics), Long Template
Buffer 1, 1 x concentrated, with 17.5 mM MgCl,,
and 0.2 mM each dideoxynucleotide triphosphate.
The primer concentrations were as follows: for the
duplication-specific reaction, 0.3 uM CYP-207-F,
0.2 uM CYP-32-R, and 0.1 uM CYP-13-F; and for
the deletion-specific reaction, 0.3 uM CYP-13-F, 0.2
uM CYP-24-R,and 0.1 uM CYP-207-F. The cycling
profile was as described above.

The primers CYP-13-F and CYP-24-R gener-
ated a deletion-specific fragment of 3.5 kb, while
primers CYP-24-R and CYP-207-F yielded a control
fragment of 3.0 kb. With the deletion-specific PCR
we analyzed 94 homozygous samples. We analyzed
only these samples because they had only one peak
for each of the 11 analyzed polymorphic sites and
we could not determine the difference between a
homozygous set of polymorphic sites or a deleted
allele (Figure 1). In comparison, the heterozygous
patients had two peaks on at least one polymorphic
site, indicating the presence of two alleles. We also
analyzed 60 heterozygous samples in order to con-
firm our hypothesis.

We looked for CYP2D6 gene duplications using
the CYP-207-F and CYP-32-R primer pair. With these
primers, we amplified a duplication-specific fragment
of 3.2 kb. Simultaneously, a control fragment of 3.8
kb was amplified with the CYP-13-F forward primer.
Apart from the duplication-specific PCR, we also con-
firmed the detected duplications with a comparison of

the ratios of the two peaks that appeared at the same
position for each separate polymorphic site. By com-
paring two electropherograms obtained from the SNaP-
shot (Life Technologies) analysis, we noticed that the
duplicated allele could readily be identified as the one
of interest, as it displayed higher signals in the poly-
morphic heterozygous sites (Figure 2A and 2B) [21].

The 72 test and Fisher’s exact test were used to
compare frequencies between populations. GraphPad
InStat software (version 3.1; http://www.graphpad.
com) was used for statistical analysis. A p value of
0.05 was considered significant.

RESULTS

Table 2 summarizes the allele frequencies of the
three groups. Of the fully functional alleles, the most
frequent variant was the wild type allele *7 (in 36.5%
of Macedonians, 33.0% of Romanies and 37.0% of Al-
banians), followed by allele *2 (in 25.5% of Macedo-
nians, 21.5% of Romanies and 25.5% of Albanians).

The decreased activity alleles were observed
in 23.5% of the Romany population, in 14.0% of
the Macedonian and in 11.5% of the Albanian. Four
decreased activity alleles were detected, i.e., *9, *10,
*29 and *41, from which allele *4/ stood out as the
most frequent variant. The frequency of the allele *4/
in the Romanies (23.0%) is higher in comparison with
the Macedonians (11.0%) and Albanians (10.5%),
and this difference is statistically significant (p =
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Figure 1. Representative electropherogram of homozygous patient with
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0.002 and p = 0.0012, respectively). The *9 allele
was detected only in the Romany (0.5%) and the
Albanian population (0.5%), whereas the */0 allele
was present exclusively in the Macedonian and Al-
banian population with frequencies of 1.5 and 0.5%,
respectively. The *29 allele was observed solely in
the Macedonian ethnic group (1.5%).

Non functional alleles were found in 30.0%
of the Albanians, 21.5% of the Macedonians and
17.5% of the Romanies. The non functional *4 allele

Sukarova Stefanovska E, Plaseska-Karanfilska D

was found in 22.5% of the Albanians, 17.0% of the
Macedonians and 15.0% of the Romanies. Alleles
*3, *5 and *6 were present in 3.5, 2.5 and 1.5%,
respectively, of the Albanians, in 2.0, 1.5 and 1.0%,
respectively, of the Macedonians, and in 1.5, 0.5 and
0.5%, respectively, of the Romanies.

Five duplications (four */xN alleles and one
*2xN allele) were identified in the Macedonian group.
Only one duplication was found in each of the Alba-
nian (*2x/N) and Romany (*/xN) groups.
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Figure 2. A) Representative electropherogram ofa heterozygous patient
without a duplication. B) Representative electropherogram of a heterozygous

patient with a duplication.
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Table 3 summarizes the CYP2D6 genotypes and
corresponding phenotypes found in the three groups.
The *1/*2 genotype was present in 20.0% of the Mace-
donian and in 17.0% of the Romany group. The*//*4
genotype was present in 17.0% of the Albanian group.
We yielded statistically significant results for the fre-
quency of the genotypes *1/*41 and *2/*41, which
were found in 12.0 and 17.0%, respectively, of the
Romany and in 5.0% for each genotype in the Macedo-
nians (p=0.013 and p=0.0357, respectively) (Table 3).

DISCUSSION

The CYP2D6 gene is of great interest for clinical
practice because it is responsible for the metabolism
of many commonly used drugs and its genetic poly-
morphism can have a strong effect on the substrate
and lead to wide inter-individual variation. Varia-
tion in CYP2D6 activity has important therapeutic
consequences and can play a significant role in the
development of adverse events or therapeutic failure
in susceptible individuals.

The knowledge of how a drug is metabolized and
which enzymes are involved helps to predict drug-
drug interactions and how fast an individual patient
may metabolize a specific drug. Because CYP2D6
metabolizes at least 25.0% of the marketed drugs,
including selective serotonin reuptake inhibitors

(SSRI), tricylic antidepressants (TCA), B blockers,
opiates, neuroleptics, tamoxifen and antiar-rhyth-
mics, there are possible issues of drug interaction in
vivo which are of clinical significance.

The CYP2D6*3, CYP2D6*4 and CYP2D6*6 are
the most important non functional alleles that are
predominantly responsible for the poor metabolizing
capacity. These alleles are found in 90.0-95.0% of
the PMs in Europe [23]. The results obtained in our
study showed that the prevalence of the CYP2D6*4
allele frequency is in accordance with that of other
European populations, which vary between 12.0 and
21.0%. The frequency values for the allele *4 range
between 15.0% in Romanies, 17.0% in Macedonians
and 22.5% in Albanians (Table 4).

From the alleles with severely reduced activity,
the results we acquired show an increased frequency
of allele *47 (23.0%) in Romanies. These frequen-
cies are in correlation with the values obtained from
several studies conducted in the Middle East [24-
26]. These results are not surprising given the Indian
origin of the Romany population and their migration
through the Middle East, before they reached the
Balkans.

Our results showed similar percentages of dele-
tions and duplications in comparison with the other
European populations. In the Albanian ethnic group
we noticed the highest number of deletions, reaching

Table 2. CYP2D6 allele frequency in Macedonians, Albanians and Romanies.

Allele and SNP Location Amino Acid dbsNpp | Functional . Allele Fre.quency ‘
Change Effect Macedonians | Albanians Romanies
*I: wild type - - - normal 0.365 0.370 0.330
%) >
GO | ems | Sesere | onssso | omd | 025 | ons |02
*3:2549delA exon 5 frameshift 135742686 none 0.020 0.035 0.015
*4: 1846 (G>A) ‘m“}isc;iz’;on Y| splicing defect | 153892007 none 0.170 0.225 0.150
*5 - gene deletion - none 0.015 0.025 0.005
*6: 1707delT - frameshift 1$5030655 none 0.010 0.015 0.005
*9: 2615-2617delAAG - Lys281del 1s5030656 decreased 0.000 0.005 0.005
*10: 100 (C>T) exon 1 Pro34Ser rs1065852 decreased 0.015 0.005 0.000
*17:1023 (C>T) exon 2 Thr1071le 128371706 decreased 0.000 0.000 0.000
*29: 1661 (G>C) - Arg36His 61736512 decreased 0.015 0.000 0.000
*41: 2988 (G>A) - Glu242Lys 1s28371725 decreased 0.110 0.105 0.230
*IxN - gene duplication - increased 0.020 0.000 0.005
*2xN - gene duplication - increased 0.005 0.005 0.000

SNP: single nucleotide polymorphism; dbSNP: database SNP.
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Table 3. Genotype frequency of determined CYP2D6 genotypes and corresponding phenotypes.

. Frequency in Frequency in Frequency in
Predicted Genotype Mace((llonia!s (%) Albz?nians};%) Ron?anies)é%)

*[xN/*1 0.01 0.00 0.00

Ultrarapid metabolizer *[xN/*2 0.03 0.00 0.01

*2xN/*2 0.01 0.01 0.00

*1/*1 0.14 0.15 0.13

*1/*2 0.20 0.13 0.17

*1/*9 0.00 0.00 0.01

*1/*10 0.02 0.00 0.00

Extensive metabolizer H1r29 0.01 0.00 0.00

*2/%29 0.01 0.00 0.00

*1/*%41 0.05 0.08 0.12

*2/*2 0.06 0.05 0.07

*2/%3 0.01 0.02 0.00

*2/*41 0.05 0.03 0.17

*1/*3 0.01 0.03 0.01

*1/*4 0.13 0.17 0.07

*1/*5 0.02 0.02 0.01

*1/%6 0.00 0.02 0.01

*2/%4 0.09 0.12 0.02

*2/%5 0.01 0.00 0.00

*2/%6 0.00 0.01 0.00

Intermediate metabolizer *41/*41 0.03 0.02 0.03

*0/*41 0.00 0.01 0.00

*4/*4] 0.04 0.04 0.09

*4/%29 0.01 0.00 0.00

*6/*10 0.01 0.00 0.00

*6/*41 0.01 0.00 0.00

*3/%41 0.00 0.01 0.02

*4/%10 0.00 0.01 0.00

*3/%3 0.01 0.00 0.00

Poor metabolizer R 0.00 0.01 0.00

*4/%5 0.00 0.03 0.00

*4/%4 0.03 0.03 0.06

frequency 0f2.5% and in the Macedonian ethnic group
the highest number of duplication (2.5%) (Table 4).
Our study is not the first one that has reviewed
the frequency distribution of the CYP2D6 alleles in
the Republic of Macedonia, still it is the first one
that was conducted for each ethnicity separately.
The prevalence values for the polymorphic alleles
CYP2D6*3, *4, *6, *9 and *10 (0.008, 0.187, 0.0,
0.016 and 0.027, respectively) reported by Kapedan-
ovska Nestorovska et al. [27] are in agreement with
our results. However, the results for deletions and du-
plications in the two studies were not in concordance.

Kapedanovska Nestorovska et al. [27] reported high
frequencies of deletions and duplications (0.091 and
0.059, respectively) which are not in concordance
with our study (Table 4). The method that Kapedan-
ovska Nestorovska et al. [27] used for detection of
the duplications and deletions was the quantitative
real-time PCR method, using TagMan Copy Num-
ber Assay (Thermo Fisher Scientific, Waltham, MA,
USA). One of the main limitations of real-time PCR
is the increased risk of false positive results, so this
discordance is probably due to the lack of specificity
and sensitivity of the method used.

55



BJMG

CYP2D6 ALLELES IN R. MACEDONIA

80.00

70.00 -

60.00

50.00

40.00

=¢—Macedonians

Percentage

30.00

== Romani

20.00

== Albaninas

10.00

0.00

PM UM

Figure 3. The calculated percentage of metabolizing classes within the
Macedonian, Albanian and Romany population (EM: extensive metabolizers; IM:
intermediate metabolizers; PM: poor metabolizers; UM: ultrarapid metabolizers).

The metabolizing classes that are of pharmaco-
logical interest include the group of PMs and UMs.
It is important to point out that the Albanians topped
the list as the group with the highest number of PMs
(7.0%), due to the accumulation of the *4 allele in
their population, followed by the Romanies (6.0%)
and the Macedonians (4.0%). The Macedonians stood
out as the ethnic group with the highest number of
UMs (5.0%), followed by the Albanians (1.0%) and
the Romanies (1.0%) (Figure 3).

Concordant genotype-phenotype correlation
provides a basis for predicting the phenotype based
on genetic testing, which has the potential to achieve
optimal pharmacotherapy. Predictive CYP2D6 geno-
typing is estimated to be beneficial for treatment of
about 30.0-40.0% of CYP2D6 drug substrates, that
is for about 7.0-10.0% of all drugs clinically used.

A study conducted in a psychiatric setting in the
USA has shown that the CYP2D6 polymorphisms can
have an effect on the cost of treating a patient; patients
with ultrarapid and poor metabolizing capacity were
found to cost between $4,000 and $6,000 per year
more to treat than EM or IM individuals [28]. Thus,
genotyping for individuals receiving single or mul-
tiple drugs that are metabolized by CYP2D6 may help
clinicians to avoid adverse drug-drug interactions and
to individualize better treatment with medications.

In addition, the Food and Drug Administration
(FDA) approved testing is now available and an
increasing number of medical centers provide this
service to patients under their care. It will be increas-
ingly important for doctors, physicians, pharmacists,
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and other care providers to be able to provide coher-
ent therapeutic recommendations to patients with
predetermined pharmacogenetic data.

Following the global trends in pharmacogenetics
and the recommendations from the FDA, we decided
to conduct this study in order to help with the intro-
duction of pharmacogenetic testing for certain drugs
in clinical practice, thus avoiding detrimental drug
reactions, facilitating improved drug efficiency and
moreover individualizing treatment for each patient.
Our study is the first to assess the frequency distribu-
tion of the CYP2D6 alleles in the three major ethnic
groups living in the Republic of Macedonia, with
our findings displaying a genuine correspondence
between the prevalence of CYP2D6 allele variants
and genotypes in the Republic of Macedonia to other
European populations.
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