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Abstract: Due to their involvement in the metabolization of commonly prescribed psychophar-

maceutical drugs, the cytochrome oxidase genes CYP2D6 and CYP2C19 are extensive targets 

for pharmacogenetic testing. The existence of common allelic variants allows the prediction of 

a metabolic phenotype based on a genotype result, hereby supplying a clinical tool for optimiz-

ing prescription and minimizing adverse effects. In this study, we present the development of 

two 5′ nuclease real-time polymerase chain reaction (PCR) test panels, capable of detecting 

eight of the most clinically relevant alleles of the CYP2D6 gene (*2, *3, *4, *6, *9, *10, 17, 

*41) and the three most common nonfunctional alleles of CYP2C19 (*2, *3, *4). The assays 

have been thoroughly validated using a large collection of reference samples, by parallel test-

ing and by DNA sequencing. The reanalysis of reference samples provided the calculation of 

the frequency of the CYP2D6*4K allele in a population, not previously reported. Furthermore, 

original test results from CYP2D6*41, generated based on the presence of the 2850T and the 

lack of the −1584G single-nucleotide polymorphism (SNP), were compared with genotyping 

based on the current acknowledged founder SNP 2988G of this allele. These results indicate 

that up to 17.7% of the patients originally tested as carriers of the CYP2D6*41 allele may have 

had an incorrect phenotypic result assigned. The two 5′ nuclease real-time PCR test panels have 

subsequently been optimized for use in the clinical laboratory, using a standard real-time PCR 

instrument and software.

Keywords: genotyping, 5′ nuclease assay, drug metabolization, CYP2C19, CYP2D6, 

pharmacogenetics

Introduction
Interindividual variation in drug response is a common problem in the therapy of psychi-

atric patients, leading to nonoptimal treatments and potentially serious adverse effects.1,2 

Together with noncompliance, this has a significant impact on the clinical success and 

hereby also carries social–economic importance.3–5 This discrepancy is primarily caused 

by biological variations in uptake, metabolization, and excretion rates, which leads to 

differences between patients despite having the same or comparable dosages adminis-

trated.6 Traditionally, in vivo phenotyping of a patient’s drug metabolization capability 

has been accomplished by administration of selective enzyme substrates, followed by 

quantification of their metabolic ratio in a matrix like plasma or urine.6,7 Although such 

methods hold the benefit of taking all the biological factors into account, hereby giving 

a direct quantitative measure as the phenotypic result, suitable and specific substrates are 

not available for all enzyme/protein systems of interest.6 Also, these methods demand 

a specifically dedicated clinical setting for their application.
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In the last 25 years, the realization that a patient’s pheno-

type for metabolizing a drug can be linked to the genotype 

of specific enzymes or transporter proteins has led to the 

development of a range of molecular tests.8–12 The hypothesis 

behind these tests is the prediction of a metabolic phenotype 

based on the genotype, with the overall goal leading to 

personalized medicine – medicine prescribed based on the 

genetic information of an individual person.13,14 The genes 

that have received the most attention in this context are those 

of the cytochrome P450 oxidase family (CYP genes).15,16 

These genes primarily code for liver enzymes involved in the 

metabolization and excretion of a wide range of commonly 

prescribed drugs. Genetic mutations causing decreased or 

impaired activity of the mature enzyme have been identified 

and correlated with increased plasma levels of the substrate 

and adverse effects in patients.13,17–20 Genetic variations 

have also been identified causing increased production of 

an enzyme, and hereby increased metabolism and higher 

therapeutic levels of prescribed drugs.21,22

The most extensively tested cytochrome oxidase genes 

for clinical purposes are CYP2D6 and CYP2C19.4,23,24 Both 

of these genes have nonfunctional variants at a relatively high 

frequency, causing abolished or decreased metabolization of 

drugs by the mature enzyme.25,26 However, while less than a 

handful of alleles account for almost all poor metabolizers 

of the CYP2C19 enzyme, genotyping of CYP2D6 is much 

more complex. More than 100 alleles have been identified 

for this gene.27 Besides a high number of nonfunctional 

alleles, an intermediate metabolizer (IM) phenotype also 

exists having decreased activity compared to the wildtype 

*1.26 Genotyping of CYP2D6 is further complicated by 

the existence of pseudogenes (highly homolog genes at the 

DNA sequence level), the existence of allelic variants gener-

ated by hybrid crossovers between CYP2D6 and CYP2D7, 

and by duplication of the gene in some individuals (copy 

number variations).21,28 Because of this, aside from clon-

ing and sequencing that are too expensive for routine use, 

there is no single molecular method capable of genotyping 

all identified alleles of the CYP2D6 and CYP2C19 genes.26 

Current genotyping techniques therefore focus on the most 

common clinically relevant alleles. For CYP2C19, these are 

the nonfunctional alleles *2, *3, and *4, while for CYP2D6, 

these include the nonfunctional alleles *3, *4, *5 (gene dele-

tion), and *6, as well as alleles *9, *10, *17, and *41 with 

decreased activity.29,30 Due to the presence of pseudogenes, 

the genotyping techniques commonly rely on one of the two 

approaches: direct detection where the primers in a single 

polymerase chain reaction (PCR) assay ensure the specificity 

to the intended target, or the secondary approach where a 

primary PCR selectively amplifies the gene/region of interest 

prior to the actual genotyping assay.31 The latter method is 

frequently applied in commercial DNA chip/bead chip-based 

methods and allows discrimination between higher numbers 

of alleles.12,32,33 It ensures less bias generated due to low-

quality primers but comes at a higher cost of reagents and 

specialized equipment, as well as workload in the laboratory.31 

In contrast, direct detection techniques are generally faster, 

omitting the secondary PCR as well as potential, purification 

and hybridization steps.

A large range of chemistries have been developed for 

genotyping both CYP2C19 and CYP2D6 using the direct 

genotyping approach.34,35 These include probe-based methods 

(SimpleProbes, HybProbes, TaqMan 5′ nuclease9,36,37), enzy-

matic digestion (restriction fragment length polymorphism, 

RFLP), and high-resolution melting (HRM).38,39 The quality 

of all these assays relies on the design of PCR primers specific 

to the intended target.26 Given the restriction inferred by the 

homology to pseudogenes, both primers developed in-house 

and commercially available ones must be presumed to target 

the same nucleotide sequences. Therefore, although specific 

patented techniques or chemistries might apply, the underly-

ing basic design of the PCR primers still governs the quality 

of the genotyping assay and is the same for published as well 

as commercial tests. A consequence of this is that with cor-

rect validation and optimization, noncommercial assays can 

significantly decrease the total cost of reagents and hereby 

the price of genetic tests.38

Here, we present two 5′ nuclease real-time PCR test 

panels, capable of identifying eight of the most common 

CYP2D6 alleles and three of the most common alleles of the 

CYP2C19 gene. The panels have been thoroughly validated 

and optimized for routine testing. Furthermore, the applied 

dyes should be compatible with most real-time PCR plat-

forms currently available on the market.

Method
Background
Since 2002, genotyping of CYP2D6 and CYP2C19 has been 

provided as a service by the Laboratory Unit of the Danish 

Epilepsy Centre. Besides pharmacogenetic tests, the labora-

tory is also a regional center of  Therapeutic Drug Monitoring 

(TDM). The annual volume of ~300 genetic samples may 

however still be considered small due to the demographic size 

of the country. The laboratory participates in a proficiency 

scheme for CYP2D6 and CYP2C19 (https://www.rfb.bio), 

and in addition maintains a program with  Diakonhjemmet 
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Sykehus, Oslo, Norway, where every 6 months, the labora-

tory exchanges 2×2 samples for confirmation of each other’s 

test performances. Over the years, the applied molecular 

genotyping techniques used at the laboratory have progressed 

from primarily RFLP methods using gel electrophoresis 

to real-time PCR technologies. The original RFLP tests 

included CYP2D6 alleles *2, *3, *4, *5, *6, *7, *8, *9, *10, 

*11, *12, *17, and *41, as well as the deletion of the alleles 

*5, *13, *16 and duplication of the alleles *1, *2, *4, and 

*41.37 The CYP2C19 test consisted of alleles *2 and *3. 

Due to the labor involved in running the initial CYP2D6 

PCR-RFLP genotyping setup, the analysis was performed 

by selectively excluding individual alleles in a branch-like 

fashion, based on the presence of common single-nucleotide 

polymorphisms (SNPs) found in a group of alleles.24,36 More 

recently, testing has been done using real-time PCR methods, 

based on the LightCycler hybridization probes and simple 

probe technology.9,35,36

Reference material
As reference DNA for validation of the 5′ nuclease assays, 

original test material submitted to the laboratory was used. 

Upon retrieval, the samples were anonymized and given a 

laboratory identification number. DNA extraction was per-

formed using the MagnaPure system (Roche Diagnostics, 

Basel, Switzerland) applying 200 µL of full blood and eluting 

with 100 µL buffer, resulting in an average yield of 31.1 ng/

µL (±9.8 standard deviation) of genomic DNA. Following 

testing by the original method, extracted DNA was stored at 

−20°C for up to 5 years prior to its use in the validation of 

the 5′ nuclease assays.

Assay design
Two alignments of consensus sequences, one of the CYP2D6 

and its pseudogenes CYP2D7 and 2D8, and one of the 

CYP2C19 with the homolog sequence of CYP2C9, were 

generated (Supplementary materials). The alignments were 

used to design specific PCR primers and 5′ nuclease probes 

targeting eight characteristic SNPs/mutations of the CYP2D6 

gene (alleles *2, *3, *4, *6, *9, *10, *17, *41; Table 1) and 

three of CYP2C19 (alleles *2, *3, *4). Primers were placed 

into the alignment by visual inspection and located so that 

they covered heterolog bases between target and pseudogenes 

(Supplementary materials). Standard primer and probe design 

rules were used to ensure their quality.40 These included a 

theoretical annealing temperature of 57°C–63°C, 18–25 nt 

size, and 3′ destabilization by minimizing the number of C′ 
and G′ in the last five bases. If possible, bases heterolog to 

the pseudogene sequences were placed in the 3′ end of the 

primers, and the amplicon size was minimized.

Probes were designed with a theoretical annealing tem-

perature of 8–12°C higher than that of the primers, and with 

the SNP/mutation located in the center region. A G′ immedi-

ately adjacent to the 5′ labeling was avoided, and the strand 

containing the most C′ in the probe sequence was preferred. 

Wildtype and mutant probes were further designed, so the 

maximum difference in the theoretical annealing temperature 

between them was <1°C.

Before ordering, each primer and probe sequence was vali-

dated in silico using the two online software tools Netprimer 

(Premier Biosoft; http://www.premierbiosoft.com/netprimer/) 

and FastPCR (primerdigital.com).40 The specificity of primers 

and probes to their intended targets was confirmed by Primer-

Blast search (National Center for Biotechnology Information 

[NCBI]; www.ncbi.nlm.nih.gov/tools/primer-blast/). Probes 

specific for the wildtype sequence were ordered labeled 5′ 
with 6-carboxyfluorescein (FAM) as dye and 3′ with black 

hole quencher-1 (BHQ-1) as quencher, while the mutant probe 

was labeled 5′ with Cal Fluor 540 (a tetrachlorofluorescein 

[TET] analog; Biosearch, Novato, CA, USA).

Assay optimization
Primer and probe concentrations for all allele-discriminating 

assays were optimized using a standard PCR setup on a 

Bio-Rad CFX connect real-time PCR instrument (Bio-Rad 

Laboratories, Hercules, CA, USA). The program consisted 

of 3 minutes of polymerase activation at 95°C, followed by 

45 cycles of a collective annealing and elongation step at 

60°C for 1 minute (30 seconds for the CYP2C19 assays), 

and denaturization at 95°C for 15 seconds. Reactions were 

performed in a 12 µL volume, consisting of 6 µL Bio-Rad 

ITaq 2× Universal Probe master mix and 2 µL genomic DNA. 

For optimization of the primer concentration, a titration series 

of each pair was prepared going from 200 to 600 nM, with 

150 nM of each of the two probes added, and using a hetero-

zygotic sample as template DNA. Optimal concentrations of 

primers were selected based on the efficiency of the real-time 

PCR amplification. Presence of unspecific amplification 

product and primer dimers was investigated by melt curve 

analysis, using Bio-Rad’s High Precision Melting supermix 

at the same PCR conditions and primer concentrations but 

without probes added to the reaction mix (Supplementary 

materials).

Next, the concentration ratio between the wildtype and 

mutant probe was optimized for each of the assays. Depend-

ing on the observed efficiency at the initial PCR setup with 
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Table 2 Validation of 5′ nuclease test panels

Allele Assay target Wildtype Heterozygotes Homozygotes Failed PCR n

CYP2D6
*2 2850C>t 16/16 14/14 18/18 0 48
*3 2549delA 21/21 23/23 1/1 3 48
*4 1846G>A 16/16 16/16 16/16 0 48
*6 1707delt 24/24 22/22 1/1 0 47
*9 2615–2617delAAG 16/16 26/26 5/3 2 47
*10 100C>t 20/19 21/19 20/20 0 61
*17 1023C>t 32/32 2/2 – 0 34
*41 2988G>A 16/16 16/13 16/7 0 48

CYP2C19
*2 19154G>A 16/16 16/15 16/16 1 48
*3 17948G>A 47/47 1/1 – 0 48
*4 1A>g 43/43 1/1 – 5 49

Notes: this table presents the number of samples tested and the result of the individual validation of each of the 11 5′ nuclease assays. Figures to the left are the number of 
samples used for validating the assay, and right are the number of samples in agreement between the original test and the 5′ nuclease assay.
Abbreviation: PCR, polymerase chain reaction.

150 nM of each of the probes, the ratio between the two was 

varied to minimize differences in the fluorescence signal. This 

was done by lowering the concentration of the more efficient 

of the two, while increasing or maintaining the concentration 

of the inferior probe. For each ratio tested, optimization was 

performed on template DNA from a wildtype homozygote, 

a heterozygote, and when available a mutant homozygote 

sample. The probe concentration ratio with the best discrimi-

nation capability between each of the tree sample types was 

selected (Supplementary materials).

Validation of the assays
Validation of each assay was done separately on reference 

material previously tested in the laboratory using the vali-

dated RFLP or real-time PCR methods.9,36,37,41 For each of the 

11 assays, 48 genotyped samples were retested: 16 wildtype, 

16 heterozygotes, and 16 homozygotes for the mutant allele. 

For rare alleles, replicates of the same heterozygote and/or 

mutant homozygote sample were used. This was the case for 

CYP2D6 alleles *3, *6, *9, and *17 and CYP2C19 alleles *3 

and *4. Also, since insufficient samples with a heterozygote 

or homozygote genotype for CYP2D6*10 were available, 

samples previously tested as carriers of allele *4 were used 

for validation of the assay targeting the 100C>T transition 

(Table 2).27

Due to the recent finding of the 2988G>A transition in 

CYP2D6*41 and its classification as the founder SNP of 

this allele,42,43 all archival samples previously designated as 

carriers of the *41 allele (n=97) were retested using the 5′ 
nuclease assay. Tests differing from that of the original RFLP 

assay were validated by parallel testing with Diakonhjem-

met Sykehus, Oslo, Norway. Additionally, sequencing of 

 ambiguous samples was performed at Roskilde University 

Hospital using a standard Sanger sequencing technique 

(BigDye 3.1; Thermo Fisher Scientific, Waltham, MA, USA).

Results
The high sequence homology between the two genes targeted 

for genotyping in this paper, and their respective pseudogenes 

(CYP2D7/CYP2D8 in the case of CYP2D6 and CYP2C9 in 

the case of CYP2C19), makes the design of specific PCR 

primers difficult.26,28,44 This is especially true for CYP2D6 

where the high number of polymorphisms further puts restric-

tions on their location in the sequence.26 For the validation 

of the 11 assays, a total of 541 retests were performed. Only 

one sample did not comply with the outcome of the original 

test result or could not be verified by parallel testing, while 

another 11 samples failed to amplify, most likely due to 

degradation of DNA during storage.

CYP2C19 assays
Although it encodes a protein similar in size, the gene of 

CYP2C19 is >80,000 nt longer than that of CYP2D6. Also, 

while CYP2D6 has two pseudogenes, only CYP2C9 shows 

strong sequence resemblance to CYP2C19.45 This, together 

with significantly fewer clinically relevant alleles, makes the 

design of primers and probes generally easier for this gene, 

compared to CYP2D6.27

The CYP2C19 allele *2 is the most common nonfunc-

tional variant found in Caucasians.25 The founder SNP is the 

19154G>A transition located outside exon 5, which causes 

a splicing defect of the transcript and hereby abolishment of 
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enzyme activity in the protein. A second SNP, 12122G>A, is 

however also conserved between all nine subtypes currently 

listed.27 The primers designed for genotyping CYP2C19*2 span 

a 211 bp region (Table 3). Specificity is achieved by a two-base 

difference to the CYP2C9 sequence in both the forward and 

reverse primer, of which one base is located within the last 5 nt 

in the 3′ end. In addition, the probes targeting the 19154G>A 

SNP have a three-base heterogeneity to CYP2C9.

The CYP2C19*2 5′ nuclease assay was validated on 48 

archival samples. These consisted of 16 wildtype homozy-

gotes, 16 heterozygotes, and 16 homozygotes for the mutant 

SNP 19154A (Table 2). One heterozygote sample failed to 

amplify, while the result of the remaining 47 samples all 

complied with that of the original test.

Allele *3 is the second most common nonfunctional 

allele of CYP2C19. The founder SNP is the 17948G>A 

that causes premature stop of translation.27 The primers of 

the 5′ nuclease assay amplify a 271 bp fragment, and each 

contains four bases different to the corresponding sequence 

of CYP2C9 (Table 3).

Since it is present at a considerably lower frequency than 

CYP2C19*2 in Caucasians, only one heterozygote and no 

homozygote sample were available for validating the allele 

*3 5′ nuclease assay (Table 2). For this reason, the single 

heterozygote sample was tested in triplicate during the vali-

dation, together with 45 wildtype homozygote samples. All 

results of the assay conformed to that of the original test.

The nonfunctionality of CYP2C19 allele *4 is due to 

an A>G transition in the start codon of the gene (1A>G).27 

The allele is rare in Caucasians, where it has been reported 

at a frequency of 0.003 and is neglectable in Africans and 

Hispanics.25 The PCR designed to flank the SNP generates 

a 256 bp amplicon. Each of the primers ensures specificity 

to the CYP2C19 gene based on a two-base heterogeneity, 

while the forward primer in addition also contains a two-

base “-CA-” insert not present in CYP2C9 (Table 3). For the 

validation of the assay, six replicate tests of a single available 

heterozygote sample were used, together with 43 wildtype 

homozygotes (Table 2). Five of the wildtype samples failed 

to amplify, while all the other acquired results comformed 

to that of the original tests.

CYP2D6 assays
Identification of CYP2D6*2 was previously performed at the 

Danish Epilepsy Centre, using a SimpleProbe assay targeting 

the 2850C>T transition, and further exclusion of alleles *4 

and *41 was based on the result of other tests.36,37 This SNP 

is located in exon 6 of the gene, in a region low on other 

polymorphisms.27,44 The same region is however well con-

served between CYP2D6 and its two pseudogenes CYP2D7 

and CYP2D8. For this reason, the forward primer of the 5′ 
nuclease assay CYP2D6*2 is located immediately upstream of 

the exon.44 Selective amplification of CYP2D6 by this primer 

is achieved by spanning a “-CT-” insert that is only present 

in the sequence of the two pseudogenes (Table 3). Further 

specificity is obtained by the reverse primer containing one to 

two bases that are heterolog to the sequence of the CYP2D7 

and CYP2D8 gene. These bases are located within the last 

five bases of its 3′ end. Together, the two primers generate a 

116 bp amplicon (Table 3). The immediate area surrounding 

the 2850C>T SNP also contains a low degree of polymor-

phism, and no other SNP of frequently occurring alleles of 

the CYP2D6 gene is found here. The 5′ nuclease assay was 

validated on previous test material including 16 wildtype 

homozygote samples, 16 heterozygotes, and 16 homozygotes 

for the *2 allele (Table 2). Two samples previously tested as 

heterozygotes were in the new assay tested as homozygote 

carriers of 2850T. This is in concordance with the original 

result with the genotype *2/*41, as both alleles *2 and *41 

contain this polymorphism (Table 1).

The exon 5 of CYP2D6, where the allele *3 deletion 

2549delA resides, is highly homolog to the sequence of its pseu-

dogene CYP2D7.44 Because of this, locations for placing spe-

cific primers are significantly restricted. The forward primer for 

the 5′ nuclease CYP2D6*3 assay is located 67 bp upstream of 

the probe, providing specificity to the CYP2D6 gene sequence 

by a T>C difference to CYP2D7 within the last five bases of 

the 3′ end (Table 3). The reverse primer is located outside of 

exon 5, covering a sequence where CYP2D7 and CYP2D8 

have a “-CT-” insert not present in the wildtype CYP2D6 gene. 

Together, the primers generate a 341 bp amplicon.

Although allele *3 is one of the most frequently found 

nonfunctional alleles of the CYP2D6 gene, homozygote 

carriers are rare.37,46 Only a single sample containing *3 in 

combination with a deleted CYP2D6 gene (allele *5) was 

therefore available for the validation of the 5′ nuclease assay 

(Table 2). The *3/*5 genotype results in a similar signal as a 

homozygote *3/*3 in the allele discrimination plot. For vali-

dating the 5′ nuclease assay, the single sample was therefore 

used as a homozygote mutant, together with 24 wildtype 

homozygotes and 23 heterozygotes for *3 allele. Of the 

total 48 samples used for validating the CYP2D6*3 assay, 

three failed to amplify, while the result of the remaining 45 

conformed to the original test results (Table 2).

The 1846A SNP used for identifying the CYP2D6 allele 

*4 is located in exon 4 of the gene.44 The region has a high 
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homology to the gene sequence of CYP2D7 and to a less 

extent to CYP2D8. Because of this, and to minimize the 

amplicon length, the specificity of the 5′ nuclease to the 

CYP2D6 gene sequence is achieved solely based on a three-

base heterology between the forward primer and the homolog 

sequence of the CYP2D7 pseudogene (Table 3). Two of these 

bases are located in the immediate 3′ end of the primer, ensur-

ing the specific amplification of the 154 bp product.

Table 3 Specificity of primer and probe sequences with optimized reaction concentrations

CYP2D6

Allele Target Type Sequence Final conc. Size

*2 2850C>T 

FWD 
REV 
W 
M 

CGT TCT GTC CC▬ ▬GA GTA TGC T 
CAC CAT CCC GGC AGA GA 
TGA TGA GAA CCT GCG CAT AGT GGT G 
TGA TGA GAA CCT GTG CAT AGT GGT GG 

200 nM 
200 nM 
200 nM 
150 nM 

116 bp 

*3 2549delA 

FWD 
REV 
W 
M 

CCC CGT CCT CCT GCA TAT 
GAG AGC ATA CTC ▬▬G GGA CAG AA 
ACT GAG CAC AGG ATG ACC TGG GA 
ACT GAG CAC ▬GG ATG ACC TGG GA 

400 nM 
400 nM 
200 nM 
150 nM 

341 bp 

*4 1846G>A 

FWD 
REV 
W 
M 

CGC CTT CGC CAA CCA CT 
TTG CTC ACG GCT TTG TCC 
ACC CCC AGG ACG CCC CTT T 
ACC CCC AAG ACG CCC CTT TC 

500 nM 
500 nM 
100 nM 
100 nM 

154 bp 

*6 1707delT 

FWD 
REV 
W 
M 

GGT GGA TGG TGG GGC TAA T 
CCG GAG TGG TTG GCG A 
CTC GGT CAC CCA CTG CTC CAG 
CTC GGT CAC CC▬ CTG CTC CAG 

250 nM 
250 nM 
75 nM 
150 nM 

212 bp 

*9 
2615-2617 
delAAG 

FWD 
REV 
W 
M 

Same as Cyp2D6*3 FWD 
Same as Cyp2D6*3 REV 
CAG AGA TGG AGA AGG TGA GAG TGG CTG 
CAG AGA TGG AG▬ ▬▬G TGA GAG TGG CTG C 

400 nM 
400 nM 
150 nM 
75 nM 

341 bp 

*10 100C>T 

FWD 
REV 
W 
M 

CCA TTT GGT AG▬ ▬TG AGG CAG GT 
GA▬ ▬▬A GTC CAC ATG CAG C▬▬ ▬▬A GGT ▬▬▬ T 
C▬A CGC TAC CCA CCA GGC CC 
C▬A CGC TAC TCA CCA GGC CCC 

400 nM 
400 nM 
150 nM 
75 nM 

174 bp 

*17 1023C>T 

FWD 
REV 
W 
M 

AGG CGC TGG TGA CCC A 
GGT CCC ACG GAA AT▬ CTGT C 
 TG TGC CCA TCA CCC AGA TCC TG 
CTG TGC CCA TCA TCC AGA TCC TG 

500 nM 
500 nM 
150 nM 
75 nM 

127 bp 

*41 2988G>A 

FWD 
REV 
W 
M 

GAG CCC ATC TGG GAA ACA GT 
GGT GTC CCA GCA AAG TTC AT 
CCG AGG GAG GAA GGG TAC AGG 
CCG AGG GAG AAA GGG TAC AGG C 

300 nM 
300 nM 
100 nM 
100 nM 

77 bp 

CYP2C19 

*2 19154G>A 

FWD 
REV 
W 
M 

AAC CAG AGC TTG GCA TAT TGT 
GGG TTG TTG ATG TCC ATC GA 
  T TGA TTA TTT CCC GGG AAC CCA T 
CAT TGA TTA TTT CCC AGG AAC CCA TAA 

200 nM 
200 nM 
200 nM 
100 nM 

211 bp 

*3 17948G>A 

FWD 
REV 
W 
M 

AAA TTG TTT CCA ATC ATT TAG CT 
ACT TCA GGG CTT GGT CAA TA 
AGC ACC CCC TGG ATC CAG GTA A 
AGC ACC CCC TGA ATC CAG GTA AG 

500 nM 
500 nM 
150 nM 
75 nM 

271 bp 

*4 1A>G 

FWD 
REV 
W 
M 

TCA AAG AGG CAC ACA CAC TTA A 
GTT AAG GAT TTG CTG ACA TCC T 
AGA AGG cuu cAA uGG Auc c 
  A AGG cuu cAG uGG Auc c 

250 nM 
250 nM 
100 nM 
100 nM 

256 bp 

 Notes: Specificity of sequences and optimized concentrations of primers and probes for each of the 11 assays presented in this paper. Wildtype probes were labeled 5′ 
with FAM and 3′ with BhQ‑1, while mutant probes were labeled 5′ with CalFlour 540 (a TET analog), and 3′ with BhQ‑1. the probes used for CYP2C19*4 were synthesized 
using phosphorothioate bases (u, c). Amplicon size generated by the primers is shown on the right. Sequence color codes: light gray – CYP2D6 nucleotides deviating from 
CYP2D8; medium gray – CYP2D6 nucleotides deviating from CYP2D7; reverse black – bases deviating from both CYP2D7 and CYP2D8, including inserted bases (CYP2C9 for 
the CYP2C19 assays). Underlined bold indicates target SNPs/mutations in either the wildtype or the mutant probe. − indicates one‑base insert present in pseudogene or 
mutant target.
Abbreviations: FAM, carboxyfluorescein; BHQ-1; black hole quencher-1; TET,  tetrachlorofluorescein; SNP, single-nucleotide polymorphism.
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The 5′ nuclease assay for CYP2D6 allele *4 was validated 

on 16 samples homozygote for the 1846G (wildtype), 16 

heterozygotes, and 16 samples homozygote for the mutant 

1846A. All test results conformed to those of the original 

reports, and no samples failed to amplify in this assay 

(Table 2).

The immediate area (~100 bp upstream and ~40 bp down-

stream) surrounding the CYP2D6 allele *6 founder mutation 

1707delT in exon 3 is highly conserved between the CYP2D6 

and CYP2D7 gene.44 For this reason, the forward primer of the 

5′ nuclease assay is located 131 bp upstream from the probe 

site, while the reverse primer is located 25 bases downstream. 

The latter primer covers the same sequence as that used for 

the forward primer of the allele CYP2D6*4 assay and also 

includes the *8 1758G>T in the 5′ end of its sequence.27 Simi-

larly, the probe sequence of the assay includes the 1716G>A 

of alleles *45 and *46.27 The product generated using the two 

primers is 212 bp long (Table 3).

Although, allele *6 is found at a frequency of ~0.6 in 

Caucasians, homozygote carriers are rare.25,37,47 The only 

such sample available for validation of the 5′ nuclease 

assay was a *5/*6x2. This sample generates a signal that 

is similar to that of a *6/*6 genotype. When validating 

the assay, the *5/*6x2 sample was included in replicates 

together with 22 heterozygote samples and 24 previously 

tested as homozygote of the wildtype sequence. All results 

of the 5′ nuclease assay were consistent with that of the 

original tests (Table 2).

Due to the high homology between the sequence of 

CYP2D6 and that of CYP2D7, the 5′ nuclease assay for alleles 

*3 and *9 shares the same set of PCR primers (Table 3).44 

For the verification of the 5′ nuclease assay of allele *9, five 

archival samples previously tested as either *5/*9 or *9/*9 

were available. These samples were used (one in replicate), 

together with 26 heterozygotes and 16 wildtype homozy-

gotes. Of the five homozygote samples, two failed to amplify. 

The results of all the remaining samples, including both 

heterozygotes and wildtype homozygotes, were consistent 

with that of the original test (Table 2).

The 100C>T used to identify CYP2D6*10 is located in 

exon 1 of the gene. This region also has a high sequence 

homology to that of CYP2D7 but low compared to CYP2D8.44 

Several other mutations defining alleles of the CYP2D6 gene 

have been identified in this exon. These include the 31G>A 

of *35, 77G>A of alleles *43 and *46, the 124G>A of allele 

*12, and the T insertion at 137–138 found in allele *15.27 To 

avoid coamplification of CYP2D7, the forward primer of the 

5′ nuclease assay is located, so it has three bases heterolog 

to this gene sequence, two of which are located at the 3′ end 

of the primer (Table 3). The reverse primer is located 134 

bases downstream. It further increases the specificity for the 

CYP2D6 gene, by spanning a sequence containing a “T” 

insert in the CYP2D7 gene. In addition, the probe sequence 

also contains two-nucleotide differences to the sequence of 

this pseudogene (Table 3).

For validation of the CYP2D6*10 assay, 61 archival 

samples were retested. These consisted of 20 samples 

homozygote for the 100C, 21 heterozygotes, and additional 

20 samples homozygote for the variant 100T. In the latter 

two groups, samples containing allele *4 were included to 

increase the total number of tests harboring this SNP.27 One 

sample originally genotyped as *2/*10 gave a wildtype signal 

for the 100C>T in the 5′ nuclease assay, while a second came 

out as heterozygote compared to the initial result that was as 

a homozygote wildtype (*1/*2). In both cases, the accuracy 

of the 5′ nuclease assay was confirmed by direct sequencing 

of the PCR product (data not shown).

The sequence of exon 2 harboring the CYP2D6*17 

1023C>T is somewhat less conserved between CYP2D6 

and CYP2D7. This, like in the case of allele *2, makes it 

easier to design a specific set of primers for the assay. The 

region contains a high number of other SNPs, including 

the 974C>A found in some forms of allele *4.27 The prim-

ers designed for the CYP2D6 allele *17 5′ nuclease assay 

amplify a 127 bp fragment (Table 3). The forward primer 

is located 27 bases upstream from the probe and covers the 

location of the 974C>A transversion. The reverse primer 

resides 43 bases downstream from the probe. Although the 

forward primer has a two- to three-base difference to that 

of the sequence of the two pseudogenes, most of the speci-

ficity is achieved by the reverse primer. This primer has a 

deletion of a C that is present in the sequence of CYP2D7 

and CYP2D8, together with three additional heterolog base 

positions.

As the CYP2D6 allele *17 is rare in Caucasians, only 

two heterozygote samples and no homozygote mutants 

were available for the validation of the 5′ nuclease assay.37,47 

Because of this, eight replicates of each of the two hetero-

zygotes, together with 32 wildtype homozygote samples for 

the 1023C>T SNP, were used (Table 2). All retest results 

performed using the 5′ nuclease assay correlated with that 

of the previous findings.

The recently discovered 2988G>A SNP of allele *41 is 

located in the intron, 38 nucleotides upstream from exon 

6.42,44 This region has a relatively high degree of sequence 

heterology between the CYP2D6 and the two pseudogenes, 
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making it a more ideal target for designing a 5′ nuclease 

assay. As such, the forward and reverse primer is located in 

close proximity to the probe, generating an amplicon only 

77 bp long (Table 3). Validation of the assay was performed 

using archival material consisting of 16 homozygote *1/*1 

samples, 16 samples previously genotyped as heterozygote 

carriers of the *41 allele, and 16 samples tested as homozy-

gotes. The *1/*1 samples were selected since these neither 

contain the −1584C>G nor the 2850C>T SNP.27 As such, 

the 5′ nuclease assay was expected to correlate with the 

original test result, although the RFLP assay did not target 

the same SNP as the 5′ nuclease assay does. Genotyp-

ing of the samples confirmed this prediction, while three 

samples of the heterozygote and seven of the homozygote 

for the 2988G>A SNP did not agree with the original test 

result of the RFLP (Table 2). The ten samples that differed 

were further validated by parallel testing at Diakonhjem-

met Sykehus, Oslo, Norway, using a commercial TaqMan 

assay (Thermo Fischer Scientific). This test confirmed the 

results of the 5′ nuclease assay for all but one. The single 

sample that did not comply was  originally genotyped as 

*1/*41, while it was typed as a *41/*41 homozygote by the 

5′ nuclease assay (Figure 1A). In the allele-discriminating 

plot of the real-time assay, its signal was located between 

the other homozygote *41/*41 samples and those of the 

heterozygotes (Figure 1A). The heterozygosity for the 

2988G>A was established by direct sequencing of the PCR 

product (Figure 1B). However, this method also identified a 

second SNP. This second SNP at 2980 nt is a heterozygote 

C>T transition in the sample, positioned at the second base 

in the probe sequence.

To estimate the numbers of patients incorrectly geno-

typed with the *41 based on the RFLP assay, all available 

archival samples containing this allele were retested using 

the 5′ nuclease assay (Table 4). The result of the 5′ nuclease 

assay was in agreement with the original test results for 78 of 

these. As both 2850T and −1584C are also present in allele 

*4K,47 the remaining 19 unresolved samples that did not 

comply and which originally had been genotyped as *5/*41, 

*41/*41, 2×*41/*41, or *17/*41 were also tested using the 

CYP2D6*4 assay. This was done since the original RFLP 

setup for genotyping CYP2D6 branched off based on the 

result of the 2850C>T assay, and therefore, the allele *4K 

would have been wrongly identified as allele *41.36 Retesting 

these homozygotes of 2850C>T led to identification of four 

samples as heterozygote carriers of the 1846G>A SNP and 

hereby of the CYP2D6*4K allele.

optimization of PCR setup for routine 
testing
The CYP2C19 and CYP2D6 test panels have been set up for 

routine testing in our laboratory. The CYP2D6 panel is used 

together with the copy number variation test previously pub-

lished by Schaeffeler et al.41 This test provides identification 

of the *5 deletion together with copy number variations of 

the gene. The panels are optimized for a 96-well PCR-plate 

setup, where each of the CYP2C19/CYP2D6 assays is tested 

in a dedicated row. Using a primer/probe multimix and reac-

tion mix, a master mix for each assay is prepared in the last 

cell in the row using 10 µL per reactions. This master mix 

is then distributed into each well in the same row. The setup 

includes three controls. A universal *1/*1 wildtype used for 

all assays (W), a homozygote mutant (M when available, else 

a heterozygote T), and a no template control. Their locations 

are fixed in the first three columns. Using repeated dispensing, 

2 µL template DNA (~30–100 ng total) is added as a drop 
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Figure 1 (A) Allelic discrimination plot of the CYP2D*41 assay, showing the 48 
samples used for validating the test; X-axis: FAM fluorescence – wildtype probe; 
Y-axis: CalFluor gold 540 – mutant probe. Ambiguous sample is marked with a red 
circle, while black square represents “no template” control (NTC). (B) Sequence 
of the probe region (blue area) of the ambiguous sample. Green arrow marks the 
2988G>A SNP, while the red arrow shows the location of the 2980C>t SNP.
Abbreviations: FAM, carboxyfluorescein; SNP, single-nucleotide polymorphism.
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onto the sides of each well hereby minimizing the change 

of tips. The plates are then sealed and briefly centrifuged to 

mix DNA and mastermix. The whole procedure takes less 

than 1 hour for a full 96-well plate.

Discussion
Although there is strong scientific evidence linking the geno-

type of CYP2D6 and CYP2C19 to the metabolic status of 

their substrate drugs, the clinical application and routine use 

of these tests are still under debate. The ongoing discussion 

has been further intensified by the social–economic aspect 

of having expensive molecular assays, which do not give an 

unequivocal clinical answer.4 New genotyping tests should 

therefore preferably increase the precision by including the 

clinically most relevant alleles of each gene, while lowering 

the total cost by reducing price of reagents as well as labor.4,48

Following the decision to modernize the genotyping 

assays at the laboratory of the Danish Epilepsy Centre, sev-

eral alternative techniques were evaluated before selecting 

the 5′ nuclease real-time PCR as the platform. Decisions 

were based upon the speed of setting up assays, total cost 

of reagents, hands-on time during routine testing, as well as 

number of recognizable alleles. Several commercial available 

platforms exist that are capable of discriminating between 

a high number of CYP2D6 alleles using DNA chip (Geno-

Chip CYP2D6, http://www.pharmgenomics.de; AmpliChip 

Cyp450 kit, https://molecular.roche.com) or bead chip 

(Luminex, http://www.luminexcorp.com) technology.32,33,49 

These together with HRM and the commercial TaqMan assays 

(Life Technologies) were considered before the decision was 

made to design the two test panels presented in this study. 

Table 1 shows a comparison between the 5′ nuclease panel 

for CYP2D6, the Luminex XTag CYP2D6 v.3 kit, and the 

Roche AmpliChip P450 kit.32,49 The two commercial kits are 

capable of recognizing 16 and 24 different signature SNPs/

mutations of CYP2D6 (excluding duplications), compared 

to the eight identified by the 5′ nuclease assays. However, 

of the additional 16 alleles that the AmpliChip P450 kit can 

identify, allele *35 encodes normal enzyme activity, while the 

activity of *25, *26, and *30 is not known (Table 1). Also, of 

the nonfunctional alleles identified by this method, *8, *11, 

*14, *19, *31, and *40 are extremely rare in Caucasians 

(Table 1),37,46,47,50 while the remaining alleles *7, *15, *20, 

*29, and *36 have reported frequencies between 0.0 and 

0.6, which are also too low to be categorized as polymor-

phisms according to Cavalli-Sforza and Bodmer.51 Therefore, 

although both the AmpliChip P450 and the Luminex XTag 

CYP2D6 kit unarguably deliver a better prediction of the 

actual genotype by their higher number of detectable SNPs/

mutations, the difference is only marginal, if measurable, 

when predicting the clinically relevant phenotypic level.52

The main advantages of the direct approach for genotyp-

ing CYP2D6 are less hands-on time during setup, and that 

the PCR is performed in a closed system, hereby minimiz-

ing the risk of contamination. In contrast, the drawback is 

the restriction put on the design of the PCR primers, due to 

homology between the target and pseudogene.44 As a second 

direct genotyping method, HRM was considered, since sev-

eral assays for genotyping CYP2D6 and CYP2C19 using this 

approach have already been published.38,39,53 This method has 

the benefit of reducing cost and maintenance of assays, since 

it does not rely on the use of specific fluorescence-labeled 

oligoprobes.38 While validating the primers designed for 

the two 5′ nuclease test panels, their suitability for use in 

HRM assays was also evaluated (data not shown). Most of 

the primer sets generated robust and consistent amplicons, 

facilitating genotyping using this method. However, the high 

degree of polymorphism in CYP2D6, and the tendency of 

these to cluster around certain regions of the gene, makes 

the method less suited for routine testing. A good example 

Table 4 Retest of CYP2D6*41 alleles based on the presence of the 2988G>A SNP

Original genotyping result Total *41 alleles retested/no. of samples Failed no. of alleles in retest Frequency of failed retest

*1/*41 4 1 0.25
*2/*41 34 0 0.00
*4/*41 35 7 0.20
*5/*41 6 1 0.17
*6/*41 1 0 0.00
*17/*41 1 1 1.00
*41/*41 24 11 0.42
2×*41/*1 2 0 0.00

2×*41/*41 9/3 7 0.78

Notes: Retesting of samples originally tested as either heterozygote or homozygote carriers of CYP2D6 allele *41, based on the presence of the 2850C>t and lack of the 
−1584C>G SNP. Failed number of alleles are alleles not found to harbor the 2988G>A SNP in the retest. For samples with copy variations, the number of alleles has been 
set as either 2 (2×*41/*1) or 3 (2×*41/*41).
Abbreviation: SNP, single‑nucleotide polymorphism.
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of this is the primer used for identifying CYP2D6 allele *6, 

which spans a 212 bp region at exon 3.44 This region also 

includes the common 1661G>C SNP as well as a number 

of more rare polymorphisms (e.g., 1704C>G, 1724C>T, 

1757C>T, 1758G>A).27 These additional SNPs generate 

alternating melting curves, which would have to be charac-

terized, and demand additional PCR controls, before robust 

genotype results can be obtained.53 The only way of reducing 

these alternating forms would be to minimize the size of the 

amplicon, centering it in on the 1707delT. This, however, is 

not possible due to the high homology in this region between 

CYP2D6 and CYP2D7. Therefore, HRM in our opinion 

would not in its current stage of development be the method 

of choice for routine testing of CYP2D6. However, for less 

polymorph genes, the technique may still be applied. One 

example where it can prove useful is for the detection of 

CYP2C19 allele *17. The C>T transition of this allele has 

an immediate area containing a high number of adenine and 

thymine bases (data not shown), which would result in a 

very long probe for the 5′ nuclease assay in order to obtain 

an optimal annealing temperature. During the current study, 

we tried without any success to design a 5′ nuclease assay 

capable of selecting against this SNP and are now pursuing 

the use of HRM instead.

During their time of storage, some of the reference 

samples were used as controls for the genotyping tests in 

the laboratory. In this process, they underwent cycles of 

repeated thawing and freezing that causes both degradation 

and fragmentation of DNA. For the validation of the assays, 

however, samples were not selected based on their DNA 

concentration nor was this normalized between them. Given 

that a variation in amplification efficiency hereby is expected, 

the overall success rate of both amplification and correct calls 

of genotype might be taken as an indicator of the robust-

ness of the assays. Of the 381 samples used for validating 

the eight CYP2D6 assays, only five failed to amplify during 

the initial PCR (Table 2). These were all samples used for 

validating the CYP2D6*3 and *9 assays. Due to a particular 

high homology in this region between the gene sequences 

of CYP2D6 and 2D7, these two tests share a common set 

of primers that amplify a 341 bp fragment (Supplementary 

materials). This is a length commonly regarded as suboptimal 

for 5′ nuclease assays due to both an increased chance of 

abolishment of elongation by the polymerase and a higher 

chance of breaks in the DNA template to occur as the length 

increases. Efforts to optimize the two assays, by reducing the 

size of the amplified fragment, did not increase the strength of 

the signal (data not shown). Therefore, although the primed 

region is not an ideal length for 5′ nuclease genotyping, the 

proposed design for the two assays seems most optimal in 

order to avoid a nested PCR.

During the validation of the 11 5′ nuclease assays, only 

three out of 541 results did not comply with that of the 

original test. Two of these were samples that were used for 

validating the CYP2D6*10 assay (Table 2). In both cases, 

the result of the 5′ nuclease test was confirmed by sequenc-

ing the PCR product. In the case of the third sample, this 

was originally identified as a *1/*41 heterozygote using 

RFLP, while it was genotyped as a homozygote carrier of 

the 2988G>A SNP by the 5′ nuclease. Subsequent parallel 

testing at a second laboratory applying the commercial Taq-

Man test confirmed the original result of the RFLP assay. The 

allele-discriminating plot for this sample showed a decreased 

signal compared to both other homozygotes of the 2988G>A 

(CalFlour540 signal) and heterozygote samples (FAM signal) 

(Figure 1A). Sequencing of the amplicon identified a second 

SNP 2980C>T, located at the 5′ end of the probe. Given that 

the FAM signal is decreased for this sample (Figure 1B), this 

indicates that the SNP must interfere with the binding of the 

wildtype probe on the *1 allele in the sample. Since TaqMan 

MGB probes bind with higher affinity to their target, they 

are generally shorter than regular 5′ nuclease probes. This 

is the most likely reason why the parallel test performed at 

Diakonhjemmet Sykehus had an increased signal for the 

wildtype allele of this sample, compared to the 5′ nuclease 

assay, hereby assigning the correct genotype. To further 

investigate the occurrence of this novel SNP, a Blast search 

was performed using the 2980T sequence (https://blast.ncbi.

nlm.nih.gov/Blast.cgi). This search did not return any direct 

hits in the GenBank nonredundant database. Also, this SNP 

is not included in any currently described alleles listed in the 

Human Cytochrome P450 allele database.27

In the first characterization of the CYP2D6 allele *41, 

this variant was recognized based on the presence of the 

2850C>T SNP, and the lack of −1584C>G, distinguishing 

it from allele *2A.54,55 Later studies by Raimundo et al42 and 

Toscano et al43 have proven that the aberrant splicing of this 

variant is due to a single G>A transition located at 2988 nt in 

the gene. The paradigm shift leading to the changed definition 

of CYP2D6 allele *41 causes previous test results lacking the 

2988A but containing the 2850T and −1584G to be reclas-

sified as CYP2D6*2B-M.27,42,43 Therefore, in order to verify 

the results of the original RFLP assay, all achieved samples 

previously tested as homozygote or heterozygote carriers of 

the *41 allele were retested for the presence of the 2988G>A 

SNP. Of the 97 samples, 39 had in the original result been 
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phenotyped as extensive metabolizers (EMs) having a normal 

functioning allele (*1 or *2) together with allele *41 (Table 

4). The remaining 58 samples were IMs, with the RFLP 

test showing either a homozygote carrier of allele *41 or 

in combination with a decreased/nonfunctional allele (*3, 

*4, *5, *6, or *17). Of the EM group, only one sample did 

not confer to the original test result, hereby having a failed 

retest frequency per allele of 1.3% (1/76 alleles). The same 

calculated frequency for IM heterozygotes of allele *41 was 

20.9% (9/43 alleles) and for homozygotes 41.6% (10/24). 

In 17 cases, retesting for the 2988G>A led to a change in 

phenotype from IM to EM. In one case, a sample previously 

tested as a 2×*41/*41 duplicate was by the 5′ nuclease assay 

genotyped as a 2×*2/*2, resulting in a change of phenotype 

from IM to ultrafast metabolizer. Given that the AmpliChip 

Cyp450 test was designed before the assignment of 2988G>A 

as the founder SNP of allele *41, a similar error rate when 

predicting the phenotype result is expected for patients 

genotyped using this system.33

The original RFLP CYP2D6 test used at the Danish Epi-

lepsy Centre divided the alleles into two groups based on the 

presence of the 2850C>T SNP.36,37 Using this approach, any 

sample identified as either of the two types of  homozygotes 

in the assay would subsequently only be tested in one of two 

subcategories. The group consisting of carriers of 2850C 

would be assayed for the alleles *3, *4, *6, *9, *10, and 

*13/*16, while the second group homozygote with the 

mutant 2850T would only be tested for the presence of 

alleles *2, *8, *11, *12, *17, and *41.24,37 While this setup 

was designed to facilitate fast clinical results reducing labor 

and overall cost of a test, one CYP2D6 subtype does not 

comply with this design. The allele *4K is characterized 

by harboring the 1846A founder SNP of CYP2D6 allele 

*4 as well as the 2850T used for deselecting samples from 

being tested in the CYP2D6*4 assay.47 The CYP2D6*4K 

was originally described by Sachse et al47 denoted as allele 

*4E in the paper; however, to our knowledge, the frequency 

of this particular allele is not known. As part of the retest-

ing of CYP2D6*41, all original tests reported as *41/*41 

homozygotes, which could not be confirmed as carriers of 

the 2988G>A SNP, were also retested using the CYP2D6 

allele *4 assay. This identified four samples as *4K, lead-

ing to an estimated frequency of 0.4% in 1046 submitted 

samples. In all four samples, this caused a change of phe-

notype from IM to EM, as neither of these contained the 

2988G>A transition.

Following validation of the CYP2D6*17 assay and setup 

of the test panel in the routine laboratory, a decreased signal 

for this assay was observed for samples tested as homo-

zygotes for the *4 allele. Investigations showed this to be 

caused by the presence of the 974A on both alleles, which 

destabilizes the forward primer leading to reduced signal.27 

For one rare sample identified as *4/*17, this caused a con-

tradictive result as a homozygote (although with decreased 

signal) of the 1023C>T SNP, while correctly being genotyped 

as heterozygote for the 1846G>A. A similar ambiguous result 

was recently reported for the commercial TaqMan CYP2D6 

assay (Life Technologies), although here, the mechanism 

behind could not be elucidated.56 Together with the report 

on ambiguous samples of CYP2D6*41 when comparing the 

Genochip and AmpliChip (in addition to other reports of 

failed test using commercial platforms), this highlights the 

complexities involved in genotyping the CYP2D6 gene and 

the need for expert knowledge on the performance of the 

assay in use.33,48,57,58 In our experience, this is best obtained 

using an open-source system, as it allows ambiguous or “no 

call” results to be resolved based on known primer and/or 

probe sequences. In the case of the CYP2D6*17 forward 

primer, its performance on a *4 background may be increased 

by using a degenerate base or including inosine at this posi-

tion in the primer.

In conclusion, we have designed and thoroughly validated 

two test panels for genotyping CYP2D6 and CYP2C19. The 

panels have been optimized for routine use in the laboratory, 

providing a cost- and time-efficient method that we believe 

is comparable or superior to most commercial kits.
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