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Abstract

- Michael Steffens' - Catharina Scholl’

On the basis of scientific evidence, information on the option, recommendation or requirement to test for pharmacogenetic
or pharmacogenomic biomarkers is incorporated in the Summary of Product Characteristics of an increasing number of
drugs in Europe. A screening of the Genetic Testing Registry (GTR) showed that a variety of molecular genetic testing
methods is currently offered worldwide in testing services with regard to according drugs and biomarkers. Thereby, among
the methodology indicated in the screened GTR category ‘Molecular Genetics’, next-generation sequencing is applied for
identification of the largest proportion of evaluated biomarkers that are relevant for therapeutic management of centrally
approved drugs in Europe. However, sufficient information on regulatory clearances, clinical utility, analytical and clinical

validity of applied methods is rarely provided.

For the analysis of a majority of biomarkers relevant for
prescriptions of approved drugs in Europe,
next-generation sequencing services are

generally offered.

The speed of developments with regard to biomarker
research and emerging techniques for pharmacogenomic
testing presents a challenge to standardization and
regulation in the use of companion diagnostics.

1 Introduction

The interindividual variability in drug response is affected
by inherited and non-inherited genomic alterations. These
alterations can modify pharmacokinetics or pharmacody-
namics of drugs and thus affect efficacy and safety of drug
therapy [1]. According to the state of scientific evidence on
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biomarker related drug response, pharmacogenetic infor-
mation is included in the drug labels of drugs approved by
medicines agencies to set the option, recommendation or
demand to guide drug management by genetic testing [2].
In the European Union (EU), concrete companion tests are
not specified in the drug labels. However, the new European
Regulation (EU) 2017/746 on in vitro diagnostic medical
devices states that the instructions for use of a companion
diagnostic shall contain ‘the International Non-proprietary
Name (INN) of the corresponding medicinal product’ [3].
The Regulation defines a companion diagnostic as a device
that ‘is essential for the safe and effective use of a corre-
sponding medicinal product’ [3]. Its application is intended
to identify patients before and/or during treatment who most
likely could benefit or likely have a higher risk of serious
adverse drug reactions (ADRs) due to the use of the cor-
responding medicinal product [3].

The assessments by medicines agencies differ between
countries and therefore so do the drugs approved for mar-
ket entry [4]. The Pharmacogenomics Knowledge Base
(PharmGKB) provides an overview of drugs approved by
medicines agencies such as the US Food and Drug Admin-
istration (FDA), European Medicines Agency (EMA) and
others, for which pharmacogenetic information is included
into the respective drug labels [5].

Genetic tests that cover the biomarkers addressed in
the drug labels or the Summary of Product Characteristics
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(SmPC) can be applied for guided drug therapy. How-
ever, the methodologies used continue to be developed or
improved. Cost reductions for genetic testing material and
services are increasing the amount of affordable genetic tests
available for clinical diagnostics on the market. Therefore,
the EMA does not provide information in the European pub-
lic assessment reports (EPARS) on specific companion diag-
nostics to be used for predictive biomarker testing prior to
a prescription of the respective drug [6]. On the basis of the
new regulation (EU) 2017/746 on in vitro diagnostic medical
devices (date of application 26 May 2022) several changes
apply that impact the regulatory framework and risk clas-
sification for companion diagnostics. Companion diagnostic
tests such as genetic biomarker tests are classified as high-
risk devices and require a conformity assessment by a noti-
fied body and a consultation procedure involving a medicinal
products authority [3]. Furthermore, restrictions due to the
new regulation affect the use of laboratory-developed assays
and require a reorganization of genetic testing laboratories
according to article 5.5 [7, 8]. Molecular genetic tests placed
on the market in the European Economic Area will have to
be registered in the European database on medical devices
(EUDAMED). EUDAMED will be in part accessible to the
public [3, 9]. Genetic testing information can also be submit-
ted voluntarily by testproviders worldwide to the Genetic
Testing Registry (GTR) established by the National Institute
of Health in the USA. The registry is a publicly accessible
platform that can support the healthcare community with
information on genetic tests offered commercially [10].
However, a comprehensive registry that encompasses the
various types of available tests offered for clinical use is not
yet available.

Here, we review a range of clinical genetic testing meth-
ods on the market classified as ‘Molecular Genetics’ by the
National Center for Biotechnology Information (NCBI)
Genetic Testing Registry that are used worldwide for clinical
diagnostics. The focus is on clinical genetic and pharmaco-
genetic testing methods that were identified for biomarker
analysis that could support guided treatment with approved
drugs in the EU. We also elucidate the strengths, limitations
and relative value of these methods for detecting biomarkers
or molecular variants, respectively, and key challenges that
are presented for selected technologies.

The results obtained for this review are based on data
from the Genetic Testing Registry and PharmGKB and the
authors therefore do not warrant comprehensiveness. Only
test methodology of the GTR category ‘Molecular Genet-
ics’ was evaluated for the drugs and biomarkers of inter-
est without assessment on the suitability of the methods for
each biomarker compared to other methods, for example, of
further GTR categories such as ‘Biochemical Genetics’ and
‘Cytogenetics’ on the basis of regulatory clearances, clinical
utility, and analytical and clinical validity. Registered tests
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were not evaluated with regard to Conformité Européenne
(CE) marking according to directive 98/79/EC on in vitro
diagnostic medical devices as such information was not pro-
vided in the GTR. The results in this review therefore are
not appropriate for decision support in diagnostics or recom-
mendations in clinical settings in Europe.

2 Methods

For this review, the PharmGKB drug label annotations pro-
viding information on the EMA-approved drugs with rel-
evant pharmacogenetic drug label information were used.
Thereby, the focus was on medication for which testing is
required or recommended according to the Summary of
Product Characteristics of the drug provided in the respec-
tive EPAR. Furthermore, a list of medications with drug
labels that contain information regarding genetic, protein or
chromosomal variants or phenotypes [ ‘Actionable PGx’ (i.e.,
Actionable Pharmacogenomics)] that affect dosage, metabo-
lism, efficacy or toxicity of the respective drug is considered.
This category also encompasses a contraindication of the
medication in certain patient groups with specific variants,
genotypes or phenotypes, which, however, do not result in
recommendations or the requirement for genetic testing. The
final updated lists of EU-approved medications were used
to screen the database of the GTR for clinical genetic tests
currently offered worldwide and could be of use for guided
treatment. Here, only the GTR methodology section ‘Molec-
ular Genetics’ was considered. Additionally, a screening was
performed for molecular genetic testing methods targeting
the respective biomarkers important for the identification of
the specific genetic or chromosomal variants addressed in
the EPARs for the drugs of interest. Methods were listed if
they were identified for at least one medication or biomarker
screened. Tests were excluded if the GTR screening results
did not include the EPAR-specified biomarkers or if a lack
of transparency on the applied methodology was detected.
The lists were checked again for up-to-datedness in August
2020 with regard to the latest EPARs provided by the EMA
and adjusted accordingly.

3 Results

An updated PharmGKB-derived list resulted in 58 con-
sidered drugs [Online Supplementary Material (ESM) 1]
with information in the EPAR provided by the Summary
of Product Characteristics specifying recommendations or
the requirement for genetic testing in Europe prior to pre-
scription. A screening of the GTR revealed that molecular
genetic tests have been registered for about 38% of these
drugs (Table 1). The tests cover the relevant biomarker or
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Table 1 Testing techniques identified by Genetic Testing Registry (GTR) screening of the methodology category ‘Molecular Genetics’for drugs
listed as ‘Testing required’ or ‘Testing recommended’ (EU) at PharmGKB

Drug Disease Gene/Biomarker Molecular genetics (GTR)
Abacavir Human immunodeficiency virus HLA-B*5701 CNV detection NGS + qPCR SNP
infection detection, allele-specific primer extension

(ASPE), sequence-specific PCR
(SSP-PCR), PCR with allele-specific
hybridization, sequence-specific
oligonucleotide probe (SSOP, SSO)

Afatinib Lung cancer Activating mutations of PCR

Arsenic trioxide

Atazanavir

Capecitabine

Carglumic acid

Cetuximab

Cholic acid

Eliglustat

Erlotinib

Gefitinib

Ivacaftor

Lumacaftor/
Ivacaftor

Midostaurin
Nilotinib

Olaparib

Panitumumab

Acute promyelocytic leukaemia
HIV infection

Colorectal neoplasms

Hyperammonaemia

Gastric cancer

Inborn errors in primary bile acid
synthesis due to 3B-hydroxy-AS5

-C27-steroid oxidoreductase deficiency
or A4

-3-oxosteroid-5f-reductase deficiency in
infants, children and adolescents aged
1 month to 18 years and adults

Gaucher's disease
Lung cancer
Lung cancer
Mucoviscidosis

Cystic fibrosis

Acute myeloid leukaemia
Chronic myeloid leukaemia

Ovarian Cancer

Colon cancer

EGFR-tyrosine kinase
t(15;17) translocation

CYP2C19 *2,*3 or other star alleles
related to decreased enzyme
function

DPYD

NAGS

HSD3B7, AKRIDI

CYP2D6

EGFR

EGFR

CFTR

F508del mutation in the CFTR gene

FLT3

Philadelphia chromosome
(BCR-ABLI gene fusion)

BRCA

KRAS, NRAS

NGS/MPS

Microarray

CNYV Detection NGS+qPCR SNP
Detection, microarray, SNP detection
(real-time PCR), competitive allele-
specific PCR (KASP) genotyping, SNP
detection (PCR/Single Nucleotide Primer
Extension)

NGS/ MPS, MLPA + bidirectional Sanger
sequence analysis + NGS/MPS,
bidirectional Sanger sequence analysis,
NGS/MPS + trinucleotide repeat by PCR
or Southern Blot, MLPA + NGS/MPS

Microarray, PCR with allele-specific
hybridization, bidirectional Sanger
sequence analysis, ASPE

NGS/MPS, NGS/MPS + bidirectional
Sanger sequence analysis

CNYV detection NGS + qPCR SNP
detection, microarray

NGS/MPS, PCR with allele-specific
hybridization, PCR

Bidirectional Sanger sequence analysis,
NGS/MPS, PCR with allele-specific
hybridization, PCR

Microarray

Microarray

PCR with allele-specific hybridization
RT-PCR with gel analysis

Quantitative PCR + bidirectional Sanger
sequence analysis, NGS/MPS

PCR with allele-specific hybridization,
bidirectional Sanger sequence analysis,
allele-specific primer extension (ASPE),
PCR
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Table 1 (continued)

Drug Disecase Gene/Biomarker Molecular genetics (GTR)
Pembrolizumab  Non-small-cell lung carcinoma PD-L1 Fluorescence in situ hybridization (FISH)
(NSCLC)
Head and neck squamous cell carcinoma
(HNSCC)
Urothelial carcinoma
Tezacaftor/ Cystic fibrosis CTFR F508del Microarray
Ivacaftor
Trastuzumab Breast and gastric cancer ERBB? (erythroblastic oncogene B)  Microarray, bidirectional Sanger sequence
analysis
Trastuzumab Breast cancer ERBB2 Microarray, bidirectional Sanger sequence
emtansin analysis
Vemurafenib Melanoma BRAF PCR with allele-specific hybridization

Drugs without entries were not listed. The overview does not privide a sufficient profile of suitable testing techniques for decision support in
clinical diagnostics and therapy management in Europe as regulatory clearances, clinical utility, and analytical and clinical validity were not
assessed in the evaluations for this review article

AKRIDI Aldo-keto reductase family 1, member D1, ASPE allele-specific primer extension, BRAF v-raf murine sarcoma viral oncogene
homolog B1, CFTR Cystic Fibrosis Transmembrane Conductance Regulator, CNVs copy number variations, CYP cytochrome P450, DPYD
dihydropyrimidine dehydrogenase, EGFR epidermal growth factor receptor, ERBB2 Erb-b2 receptor tyrosine kinase 2, FISH fluorescence in situ
hybridization, FLT3 FMS-like tyrosine kinase-3, G6PD glucose-6-phosphate dehydrogenase, HLA-B*5701 human leukocyte antigen B*5701,
HSD3B7 3B-hydroxy-A5-C27-steroid oxidoreductase, KASP competitive allele-specific polymerase chain reaction, KRAS Kirsten rat sarcoma
viral oncogene homolog, MLPA Multiplex Ligation-dependent Probe Amplification, MPS massively parallel sequencing, NAGS N-acetylgluta-
mate, NGS next-generation sequencing, NRAS neuroblastoma ras viral oncogene homolog, PCR polymerase chain reaction, PD-LI programmed

cell death ligand-1, gPCR quantitative real-time PCR, RT-PCR reverse transcriptase PCR

biomarkers such as chromosomal aberrations, single nucle-
otide polymorphysms (SNPs) and copy number variations
(CNVs) addressed in the corresponding EPAR of the respec-
tive approved drug.

Furthermore, for about 68.8% of the PharmGKB-derived
list of 32 drugs (ESM 2) with pharmacogenetic information
in the EPAR with reference to dosage, efficacy, metabolism
or toxicity alterations due to addressed variants or pheno-
types (‘Actionable PGx’), molecular genetic tests covering
the appropriate biomarker have been registered (Table 2).
Identified combinations of testing techniques offered cov-
ering biomarkers of the ‘Testing required’/Testing recom-
mended’ list and the ‘Actionable PGx’ list were mainly
sequencing-based methods such as Next-Generation (NGS)/
Massively Parallel Sequencing (MPS) with targeted PCR-
based methods such as qPCR or MLPA.

A screening of the GTR by biomarkers relevant for the
listed drugs resulted in a higher variety of applied tests,
testing techniques and combinations of testing methods.
Thereby PCR, hybridization and sequencing-based meth-
ods were identified in the GTR category ‘Molecular Genet-
ics’. The most frequently offered molecular genetic testing
method for clinical assessment was NGS/MPS. Further-
more, frequently detected combinations of techniques for
the ‘Testing required’ and ‘Testing recommended’ listing
were NGS with Sanger Sequencing and MLPA with NGS
or Bidirectional Sanger Sequencing or both. For the ‘Action-
able PGx’ drug-gene pair list RT-qPCR combined with PCR
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with allele specific hybridization, PCR with Microarray, and
MLPA with Bidirectional Sanger Sequencing were the most
frequent combinations of applied techniques.

3.1 PCR-Based Genetic Testing

A highly important tool for diagnostic genetic testing is the
polymerase chain reaction (PCR). The method is used to
amplify DNA or RNA regions of interest, thereby increas-
ing the copy number of the analysed sequences. Thus, it is
particularly essential in targeted variant analyses [11].

In total, PCR-based tests were registered in the
GTR for about 81% of the 58 drugs on the ‘Testing
recommended’/’ Testing required’ list and for about 84
% of the 32 drugs on the Actionable PGx list. Taking
into account PCR based tests combined with other tech-
niques, registrations were identified for 86% of the ‘Testing
required’/ Testing recommended’ fraction and 94% of the
‘Actionable PGx’ fraction. For PCR-based genetic testing,
most frequently RT-PCR or RT-qPCR (50% and 56.3%),
MLPA (43.1 and 62.5%), qPCR (29.3% and 56.3%) or PCR
(36.2 and 62.5%) were registered as an offered method for
the biomarkers of interest (Table 3). Furthermore, in the
‘Actionable PGx’ fraction ASPE and competitive allele-
specific PCR (KASP) were frequently offered methods for
a targeted analysis of point mutations or SNPs. Most fre-
quent combinations of PCR-based techniques for biomarker
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Table 2 Testing techniques identified by Genetic Testing Registry (GTR) screening of the methodology category ‘Molecular Genetics’ for drugs
listed as ‘Actionable PGx’ (EU) at PharmGKB

Drug Disease Gene/Biomarker Molecular genetics (GTR)
Amifampridine phosphate Lambert-Eaton myasthenic NAT2 CNV detection NGS + qPCR SNP
syndrome detection
Aripiprazole Schizophrenia CYP2D6 RT-PCR, RT-qPCR, PCR with allele-
specific hybridization+SNP detection
(ASPE+Mass Spectrometry), CNV
detection NGS + qPCR SNP detection,
SNP detection
Brexpiprazole Schizophrenia CYP2D6 CNV detection NGS + qPCR SNP
detection
Brivaracetam Epilepsy CYP2CI19 CNYV detection NGS + qPCR SNP
detection, microarray
Clopidogrel Secondary prevention of CYP2C19 NGS/ MPS, RT-PCR, MLPA, SNP
atherothrombotic events, detection (real-time polymerase chain
prevention of atherothrombotic reaction (PCR) + Single Nucleotide
and thromboembolic events in Primer Extension), bidirectional
atrial fibrillation Sanger sequence analysis, solid-phase
electrochemical methodology, ASPE
+ mass spectrometry, PCR with allele-
specific hybridization, RT-qPCR,
multiplex ligation-dependent probe
amplification (MLPA), quantitative
PCR (qPCR), KASP genotyping, ,
quantitative PCR (qPCR),
RT-qPCR
Darifenacin (hydrobromide) Urge incontinence and/or CYP2D6 CNV detection NGS + qPCR SNP
increased urinary frequency detection
and urgency as may occur in
adult patients with overactive
bladder syndrome
Dolutegravir HIV infection UGTIAI CNV detection NGS + qPCR SNP
detection
Duloxetine Treatment of major depressive CYP2D6 SNP detection, RT-qPCR
disorder
Treatment of diabetic peripheral
neuropathic pain
Treatment of generalised anxiety
disorder
Efavirenz HIV infection CYP2B6 MLPA, NGS/ MPS, MLPA +
bidirectional Sanger sequence analysis,
bidirectional Sanger sequence analysis,
CNV detection NGS + qPCR +
SNP detection (NGS), NGS/MPS +
bidirectional Sanger sequence analysis,
SNP detection (real-time PCR,
microarray analysis), qPCR,
RT-qPCR, KASP genotyping
Efavirenz/emtricitabine/ HIV infection CYP2B6 MLPA, NGS/ MPS, MLPA +

tenofovir disoproxil

bidirectional Sanger sequence

analysis, bidirectional Sanger sequence
analysis, CNV

detection NGS + qPCR SNP
detection, NGS/MPS +

bidirectional Sanger sequence analysis,
SNP detection (real-time PCR,
microarray analysis), QPCR, RT-qPCR,
KASP genotyping
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Table 2 (continued)

Drug Disease Gene/Biomarker Molecular genetics (GTR)
Ethinyl estradiol/ Female contraception Predisposition for venous Microarray
norelgestromin thromboembolism (including

Fesoterodine

Gefitinib
Glibenclamide

Glimepiride

Irinotecan

Lapatinib

Lesinurad
Mercaptopurine

Pazopanib

Rasburicase

Vortioxetine

Treatment of the symptoms that
may occur with overactive
bladder syndrome

Advanced or metastatic
non-small-cell lung cancer

Neonatal diabetes mellitus
Type 2 diabetes mellitus

Metastatic adenocarcinoma of the
pancreas

Breast cancer, in which tumours
overexpress HER2 (ErbB2)

Hyperuricaemia in gout patients

Acute lymphoblastic leukaemia
(ALL)

Advanced renal cell carcinoma

Acute hyperuricaemia

Major depressive episodes

F5), antithrombin-III deficiency

(SERPINC1I), protein C

deficiency (PROC) and protein S

deficiency (PROS))
CYP2D6 (poor metabolism)

CYP2D6 (poor metabolism)

G6PD (deficiency)
G6PD (deficiency)

Homozygozity for UGTIAI*28
allele

HLA-DQAI1%02:01 and HLA-
DRBI1*07:01

CYP2C9 (poor metabolism)
TPMT, NUDT15

HLA-B

G6PD
CYP2D6

CNV NGS + qPCR SNP detection

CNV NGS + qPCR SNP detection, SNP
detection, RT-qPCR

SNP detection

SNP detection, microarray

PCR electrophoresis, capillary gel, PCR,
fragment analysis,
bidirectional Sanger sequence analysis,
PCR with allele-specific hybridization,
PCR capillary gel electrophoresis

Microarray

Microarray, ASPE + mass Spectrometry

RT-qPCR, RT-PCR with gel analysis,
Microarray, CNV detection NGS
quantitative PCR (qPCR) SNP
detection, PCR

CNV detection NGS + qPCR SNP
detection

Microarray (D,T), NGS/MPS

CNYV Detection NGS + qPCR SNP
Detection

The overview does not privide a sufficient profile of suitable testing techniques for decision support in clinical diagnostics and therapy manage-
ment in Europe as regulatory clearances, clinical utility, and analytical and clinical validity were not assessed in the evaluations for this review
article

ASPE allele-specific primer extension, CNVs copy number variations, CYP cytochrome P450, F5 factor 5, G6PD glucose-6-phosphate dehy-
drogenase, HLA-B*5701 human leukocyte antigen B*5701, HLA-DQAI major histocompatibility complex, class II, DQ alpha 1, HSD3B7
3B-hydroxy-A5-C27-steroid oxidoreductase, KASP competitive allele specific PCR, MLPA Multiplex Ligation-dependent Probe Amplification,
MPS massively parallel sequencing, NAT2 N-acetyltransferase 2, NGS next-generation sequencing, NUDT15 nudix hydrolase 15, PCR polymer-
ase chain reaction, PROC Protein C, PROS Protein S, gPCR quantitative real-time PCR, RT-PCR reverse transcriptase PCR, SERPINC1 serpin
family C member 1, SNPs single nucleotide polymorphysms, TPMT thiopurine S-methyltransferase, UGTIAI uridine diphosphate glucuronosyl-

transferase 1A1

analysis were PCR with NGS, PCR with Microarray, and
MLPA with sequencing-based methods.

PCR is often used to amplify nucleic acid sequences to be
analysed for probable mutations by other methods, for exam-
ple sequencing [12]. However, for genotyping PCR can also
directly be used for detection and is a cost-effective method
[13]. Furthermore, techniques such as real-time PCR (qPCR)
[14] and real-time quantitative RT-PCR (RT-qPCR) [15], the
amplification refractory mutation system (ARMS) [16] or
multiplex ligation-dependent probe amplification (MLPA)
[17] are also used as primary mutation or variant-detection
systems. Nevertheless, they can only detect mutations that
have been previously characterized and thus are suitable for
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a targeted analysis [18]. Further advantages and limitations
of PCR-based methods are listed in Table 4.

In leukaemia RT-qPCR, which allows a quantification
of RNA expression, offers clinically relevant information
regarding drug response and treatment stratification. How-
ever, a limited accuracy in many diagnostic applications
and lack of standardization between laboratories has been
reported [19]. In addition, for ALK testing it was assumed
that NGS will become the first tier method [20].

Real-time quantitative PCR is used for targeted genetic
analysis such as the determination of SNP genotype and
sequence copy number in molecular diagnostics. A diag-
nostically relevant example for a real-time PCR approach
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Table 3 PCR-based methods registered in the Genetic Testing Registry (GTR) for biomarker analysis regarding drug response

PCR-based methods ‘Molecular genetics’
required’) (%)

Percentage of drugs (‘Testing recommended’ and ‘Testing

Percentage of drugs
(‘Actionable PGx’)

(%)
ARMS 34 -
ASPE 19.0 53.1
KASP 52 438
MLPA 43.1 62.5
PCR 36.2 62.5
QF PCR - 6.3
qPCR 29.3 56.3
RFLP 12.1 50.0
RT-PCR/ RT-qPCR 50.0 56.3

Most frequenty applied techniques in both listings (‘Testing recommended’/“Testing required’ and ‘Actionable PGx’) are marked in bold

ARMS amplification refractory mutation system, ASPE allele-specific primer extension, KASP competitive allele-specific PCR, MLPA multi-
plex ligation-dependent probe amplification, PCR polymerase chain reaction, QF-PCR quantitative fluorescent PCR, gPCR quantitative real-time
PCR, RT-PCR reverse transcriptase PCR, RFLP Restriction Fragment Length Polymorphism Analysis

utilising fluorescent probes is the TagMan® assay (Thermo
Fisher Scientific, Waltham, MA, USA). It has been used for
the identification of several clinically important mutations
[21].

After amplification of the region of interest by realtime
polymerase chain reaction, high-resolution melting analysis
can be performed for gene scanning and genotyping in a
thermal cycler. It is a simple, sensitive and specific tech-
nique and a suitable option for laboratories with resource
constraints. Deviations in the melting profiles compared to
wild type homozygotes also indicate heterozygous variants
[22]. However, melting temperatures (Tm) of some homozy-
gous single-base variants, insertions and deletions can be
similar or even identical and thus cannot be distinguished.
Therefore, simple amplicon melting is not always sufficient
to accurately genotype certain loci [23].

PCR-RFLP can be routinely applied for SNP geno-
typing, detection of point mutations and to discriminate
homozygous and heterozygous samples related to the target
sequence [24]. This PCR-based technique was applied to
screen for, for example, Kirsten rat sarcoma viral onco-
gene homolog (K-ras) and epidermal growth factor recep-
tor (EGFR) mutations in cancer diagnostics [25, 26]. It
also provides a cost-effective possibility for pharmacoge-
netic screening of SNPs in order to optimise drug therapy,
especially in developing countries [27, 28]. In clinical rou-
tine, a combination of PCR-RFLP with other PCR-based
methods for targeted analysis such as TagMan® PCR and
high-resolution melting analysis can improve the accuracy
and reduce the risk of false-negative or false-positive test
results. Thereby, the limitations of a single method lead-
ing to a lack of sensitivity or specificity can be overcome
and improve the selection of individualized therapies

[29]. Also, the allele-specific primer extension approach
is widely used for genotyping of single-nucleotide poly-
morphisms (SNPs). However, methods for analysis include
many different approaches such as electrophoresis, fluores-
cence resonance energy transfer, pyrosequencing, microar-
rays and matrix-assisted laser desorption/ionization-time of
flight (MALDI) mass spectrometry [30, 31]. MALDI mass
spectrometry is a relatively fast high-throughput method
for SNP detection that provides a high sensitivity and spec-
ificity. The process does not require labeling the primers as
it measures the molecular weight differences after primer
extension [32, 33]. Compared to pyrosequencing and other
costly sequencing methods, it can provide a cost-efficient
option for accurate targeted genotyping in guided drug
therapy [34-36]. MLPA is a semiquantitative PCR-based
method that is suitable for the assessment of genetic loci
for detection of CNVs in several types of disorders [37].
Furthermore, it can be used to detect mosaic mutations and
methylation status. It also provides the possibility to detect
single nucleotide differences. MLPA can be applied, for
example, on DNA samples extracted from frozen or par-
affin-embedded formaldehyde-fixed breast cancer tissues
for the detection of ERBB2 (Her2/neu) amplification [37].
This technique can be also applied to confirm test results
on structural anomalies obtained by FISH or comparative
genomic hybridization (CGH) [38]. The application of
MLPA for CNV analysis is more sensitive and cheaper
than the utilization of DNA arrays. A further advantage
over DNA arrays is that sample preparation time for MLPA
is lower [38, 39]. However, balanced genomic rearrange-
ments, such as translocations or inversions, cannot be iden-
tified by MLPA [38].
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Table 4 Advantages and limitations of PCR-based methods identified by Genetic Testing Registry (GTR) screening for relevant biomarkers

PCR-based method

Advantages

Limitations

Reference

ARMS (amplification
refractory mutation

Simple technique, quick, allele specific
Suitable to detect point mutations, small

Inefficient priming can occur

Frayling et al.
[18], Yang et al.

deletions and insertions

Determination of haplotypes in clinical
diagnostics possible

Can also be multiplexed

Applicable also in resource-constrained
circumstances due to low costs

system, allele-
specific PCR)

ASPE Applicable for high-throughput analysis

KASP Identification of SNPs or InDels,
cost-
effective, can be multiplexed, applicable also
in resource-constrained circumstances due to

low costs

MLPA Fast, and relatively simple technique, low
costs detection of CNVs and mosaic

mutations

PCR-RFLP Simple and rapid technique for SNP
genotyping, detection of point mutations
and discrimination of homozygous and
heterozygous samples

QF-PCR Accurate and cost-effective method applied
for detection of aneuploidy, detection of

mosaicism

qPCR Closed-tube technique, limits danger of
contamination

High sensitivity and specificity

Multiplexing of reactions and fast analysis

possible
RT-PCR/q-RT-PCR Gene expression analysis

Further methods for analysis needed such as

Multiplexing limited to single bi-allelic SNP per

Sensitive to DNA quality and quantity
Ligation failure due to point mutations in

Limited availability of suitable restriction

No detection of structural abnormalities

Limited combinations of fluorescent dyes for

Sensitive to RNA quality

[68], Little [69],
Markou et.al [16]

Breyer et al. [30]
electrophoresise or matrix-assisted laser
desorption/ionization-time of flight (MALDI)

mass spectrometry

Suo et al. [70],
Shitaye [71], He
etal. [72]

reaction

Katsanis [38],
Frayling et al.
probe binding site and therefore erroneously  [18]

indication of deletions possible

No detection of balanced genomic

rearrangements

Ota et al. [24]
enzymes

Mann and Ogilvie
[73], Konjhodzic
et al. [74]

Frayling et al. [18]

multiplexing

Murphy and
Bustin [19]

Most frequenty applied techniques in both listings (“Testing recommended’/‘Testing required’ and ‘Actionable PGx’) are shaded in bold

ARMS amplification refractory mutation system, ASPE allele-specific primer extension, KASP competitive allele-specific PCR, MLPA multi-
plex ligation-dependent probe amplification, PCR polymerase chain reaction, QF-PCR quantitative fluorescent PCR, gPCR quantitative real-time
PCR, RT-PCR reverse transcriptase PCR, RFLP Restriction Fragment Length Polymorphism Analysis

3.2 Hybridization-Based Techniques

Developments in the field of genetic-testing techniques
made it possible to investigate complex genetic abnormali-
ties using targeted gene panels and even information on the
entire exome or genome. Hybridization-based techniques
such as oligonucleotide arrays are also used for such high-
throughput purposes [39].

The analysis of GTR-registered tests screened by bio-
marker detected hybridization-based tests for 65.5% of
drugs for which genetic testing is recommended or required
and for about 78.1% with information on actionable phar-
macogenomics according to the corresponding EPAR.
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Registrations of hybridization-based tests including combi-
nations of such tests with other techniques were identified
for 74.1% of the ‘Testing required’/’ Testing recommended’
fraction and 87.5% of the ‘Actionable PGx’ fraction. For
hybridization-based testing, most frequently techniques
such as microarray analysis and PCR with allele-specific
hybridization are registered as an offered method for the
biomarkers of interest. Furthermore, techniques such as
FISH and CGH that occur mainly in the GTR test category
‘Cytogenetics’ were also registered as ‘Molecular Genet-
ics’ for the biomarkers analysed. Here, FISH was identified
as a registered molecular genetic technique for 20.7% of
drugs in the ‘Testing required’ and ‘Testing recommended’
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section (Table 5). In the ‘Actionable PGx’ section, for 21.9%
of the respective drug-biomarker pairs CGH is registered
as a molecular genetic technique for predictive analysis of
drug response. Most frequent combinations of hybridization-
based techniques with other methods for biomarker analysis
were microarray with NGS (‘Testing required’/‘Testing rec-
ommended’) and microarray with PCR or a combination of
RT-PCR/RT-qPCR and PCR with allele specific hybridiza-
tion (‘Actionable PGx’).

PCR with allele-specific hybridization or allele-specific
oligonucleotide (ASO) hybridization is a simple, effi-
cient and cost-effective method for the analysis of several
genetic variants in a large number of samples. Thus, it can
be used for large-scale genotyping of SNPs and provides
results faster than RFLP-PCR. The PCR products of the
region of interest can either be dot-blotted or integrate a
quantifiable label (e.g., biotin or fluorescent labels). Poly-
morphisms are detected due to hybridization with wild
type and mutant variant specific ASO probes via a dot blot
assay or a reverse-hybridisation assay [40]. ASOs immobi-
lised onto solid surfaces can be used for Microarrays (e.g.,
Affymetrix Genechip® Mapping 10K Array). However, for
accurate hybridization in a large-scale genotyping approach
conditions for different mutations can vary. In Microarrays,
where a high number of different mutation sites are ana-
lysed simultaneously, this can be overcome by using a large
set of ASOs for each target region [21]. Developments in
this ‘chip’ technology permit a parallel analysis of various
genome regions and genotyping of numerous different genes
at the same time [41]. Microarrays are applied as SNP pan-
els either phenotype-specific or genome-wide or to identify
structural anomalies by array CGH. CGHs, just like fluores-
cence in situ hybridization, are hybridization-based methods
that are also used as cytogenetic methods in cancer diagnos-
tics to identify genomic abnormalities [38].

3.3 Sequencing-Based Techniques

The results of the GTR screening reflect the increased
focus and shift of services and applications towards NGS.
For 96.6% of drugs for which genetic testing is recom-
mended or required and for about 93.8% with information
on actionable pharmacogenomics according to the corre-
sponding EPAR, GTR-registered sequencing-based tests
were detected in a screening by biomarker of interest. Reg-
istrations of sequencing-based tests including combinations
of such tests with other techniques were even identified for
100% of the listed drug-gene pairs of the ‘Actionable PGx’
fraction. Most frequently, NGS/MPS (Table 6) is registered
as an offered method for the biomarkers of interest. Fre-
quent combinations of sequencing-based techniques and
sequencing-based techniques with other methods identified
were for example NGS with Bidirectional Sanger Sequenc-
ing, NGS with MLPA, Bidirectional Sanger Sequencing
with MLPA or NGS with Bidirectional Sanger Sequencing
and MLPA. NGS with Bidirectional Sanger sequencing was
identified as the most frequent combination in the ‘Test-
ing required’/’Testing recommended’ section (34.5%) and
Bidirectional Sanger Sequencing with MLPA as the most
frequently offered combination for the ‘Actionable PGx’
section.

Compared to conventional Sanger sequencing, Pyrose-
quencing has a superior detection limit for short reads and
is an easier methodology with fewer steps involved. It has
been used for genetic testing, methylation analysis, re-eval-
uations of equivocal Sanger sequencing results or confirma-
tion of NGS results. The read length limit of this technique
is about 400 bases [42]. However, Sanger sequencing, the
current gold standard for genetic testing and validating DNA
sequences obtained by other sequencing methods, is continu-
ously replaced by NGS. NGS can be applied for targeted
gene panels, whole exome sequencing and whole genome
sequencing, and provides a resolution to single-base preci-
sion while permitting large amounts of DNA fragments to
be sequenced simultaneously and independently [43-46]. It

Table 5 Hybridization-based methods registered in the Genetic Testing Registry (GTR) for biomarker analysis

Hybridization-based methods ‘Molecular Genetics’

Percentage of drugs (‘Testing recommended’ and
‘Testing required’) (%)

Percentage of drugs
(‘Actionable PGx’)

(%)
Reverse dot blot hybridization 1.7 -
PCR with allele specific hybridization 414 37.5
Microarray 36.21 68.8
CGH 8.6 21.9
FISH 20.7 3.1

Most frequenty applied techniques for both listings (‘Testing recommended’/‘Testing required’ and ‘Actionable PGx’) are shaeded in bold

FISH fluorescence in situ hybridization, CGH comparative genomic hybridization
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is also used in new diagnostic concepts such as liquid biopsy
assays [47, 48], and was shown to be suitable in routine
clinical practice for this application [49, 50]. Furthermore,
it is used to test for emerging biomarkers in cancer treat-
ment such as Microsatellite instability and Tumor mutation
burden, which are predictive for immunotherapy response
[51, 52]. Therefore the outlook for NGS becoming a new
standard for genetic or companion diagnostics, respectively,
is intensifying, although several methods can be used for
genetic testing of the same diagnostic target of interest [53].
However, Sanger sequencing is still applied as a first-line
approach in genetic diagnostics of some specific conditions
[46]. Compared to the Sanger platform, next-generation plat-
forms perform shorter reads and deliver lower quality, which
makes appropriate bioinformatic tools indispensable for the
assistance of short-read mapping to reference sequences or
de novo assembly [54]. Therefore, despite the decreasing
costs, high expenditures related to NGS and a lack of skills
in the application of bioinformatics tools and algorithms for
the interpretation of test results are still a major limitation
issue in the utilization of this technique [53].

There are several sequencing platforms that are applied
and offered for genetic analysis. Currently, due to the avail-
ability of a wide variety of products on the market, which
can be selected according to requirements for different medi-
cal or scientific applications, a high sequencing precision
can be obtained [46, 55]. A wide variety of Illumina (San
Diego, CA, USA) sequencing platforms such as HiSeq,
MiSeq, NovaSeq 6000 and NextSeq 550/500 sequencer are
indicated for genetic tests applying sequencing-based meth-
ods registered at GTR. However, the HiSeq plattforms cur-
rently are not provided [56] by Illumina and full support by
the manufacturer will expire in about 3—4 years with HiSeq
X Five and Ten Systems [57] and HiSeq 4000 [58] support
expiring by the end of March 2024 at the latest. Further
current platforms, for example, are Life Technologies (now
Thermo Fisher Scientific, Waltham, MA, USA), Ion Torrent

Table 6 Sequencing based methods registered in the Genetic Testing
Registry (GTR) for biomarker analysis regarding drug response

Sequencing-
based techniques

Drug-gene pairs (‘Testing ~ Drug-gene pairs
recommended’ and ‘Testing (‘Actionable

‘Molecular Genetics’ required’) PGx’)
Sanger sequencing  56.9% 75.0%
Next-generation 94.8% 96.9%
sequencing/
massively parallel
sequencing
Pyrosequencing 3.4% 9.4%

Most frequenty applied techniques for both listings (‘Testing
recommended’/‘Testing required’ and ‘Actionable PGx’) are shaded
in bold
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and the third-generation (long-read) sequencing Pacific
Bioscience’s SMRT (Menlo Park, CA, USA) and Oxford
Nanopore Technologies' (Oxford Science Park, Oxford, UK)
plattforms (Table7).

4 Discussion

On the basis of pharmacogenetic and pharmacogenomic
information in the drug labels, molecular diagnostics
through predictive biomarker analysis using pharmacoge-
netic and pharmacogenomic tests can support treatment
prognosis in particular patient subgroups and direct drug
management. Thereby, a targeted approach prevails as the
basis for genetic testing in the clinical setting [38].

PCR-based methods such as MLPA and qPCR/RT-
gPCR and hybridization-based methods such as Microar-
rays are frequently applied and offered as laboratory test-
ing services worldwide according to the GTR screening
results obtained for this review. However, NGS was offered
for analysis of most of the biomarkers relevant for EU-
authorized drugs for which testing is optional (‘Action-
able PGx’), recommended or required according to the
respective EPAR. Thus, the gain in importance of NGS
for genetic diagnostics becomes apparent with the identi-
fied main emphasis on this technique for clinical use in
laboratory services worldwide as reflected by the GTR
data in this review. Rapid developments in NGS regard-
ing bioinformatics to overcome obstacles in the use of
this method certainly contribute to this trend. However,
although genomic data analysis provides important clinical
information, it is not a holistic approach. In the application
of liquid biopsy, for example, the analysis of circulating
tumor DNA is essential; however, other liquid biopsy bio-
markers such as circulating tumor cells [59], exosomes
[60], metabolites, proteins and circulating RNAs can be
applied as well [61]. Therefore, other testing methodolo-
gies like proteomic testing will remain relevant [39]. It is
therefore essential to assess how different assays perform,
and where and in which combination they could be used
for an accurate result [4]. The most frequent combina-
tion of methods registered for biomarkers for which test-
ing is recommended or required prior to prescription of
the respective drug was NGS with bidirectional Sanger
sequencing.

Sanger sequencing has been an accurate and reliable
approach, and was therefore used as a gold standard for
genetic testing in the past years [43, 62]. Nonetheless,
limitations such as high costs and time expenditure led to
a shift in the application to NGS as a faster and less expen-
sive sequencing technique able to sequence high numbers
of genes at the same time [62]. Still, Sanger sequencing is
used as a confirmatory method for NGS to achieve a higher
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Table 7 Overview of selected sequencing applications

Sequencing technique Mechanism [46]

Maximal reads length Advantages

Disadvantages

Illumina Sequencing Sequencing by synthesis
(cyclic reversible

termination)

Ion Torrent™ semiconductor ~ Sequencing by synthesis

sequencing (single-nucleotide addition)
SMRT from Pacific Single-molecule real-time
Bioscience long read sequencing

Oxford Nanopore’s
sequencing

Single-molecule real-time
long read sequencing

2 x 150-300 bp [56]

200-600 bp [76]

up to 25 kb [80]

> 4 Mbp [82]

High throughput sequencing
[75]

Short read length [46]

Fast turnaround time,
flexibility [77]

Accuracy and output
affected by read
length [78, 79]

Long read length [80] High error rate [81]

Ultra-long reads [82] High error rate [83]

bp base pairs, kbp kilo base pairs, Mbp mega base pairs

sensitivity and for quality-assurance measures. However,
the necessity of such a confirmation is controversial as it
can be inefficient [63]. Nevertheless, medium and large
deletions or insertions cannot be detected accurately by
sequencing alone without confirmatory techniques such
as MLPA or qPCR [1].

According to GTR data, genetic testing by MLPA is often
also offered in combination with sequencing-based meth-
ods such as NGS, Sanger sequencing or both for deletion
and duplication analysis in clinical diagnostics, and can be
applied for guided therapy. Deletions are indicated if MLPA
probes cannot hybridize to their binding site due to a point
mutation or polymorphism in the respective sequence, there-
fore additional techniques are necessary for the confirmation
of MLPA results. Furthermore, the orientation of a dupli-
cated sequence and an exact localization cannot be identified
by MLPA only [64].

Limitations are indicated for every technique currently
offered on the market worldwide (Table 3). For an accurate
and reliable detection of genetic and pharmacogenomic bio-
markers, the status should therefore be analysed by several
suitable and complementary methods.

This review provides an overview of the molecular
genetic testing methods offered worldwide for clinical appli-
cations that could be considered for companion diagnostic
tests for several EU-approved drugs as they cover biomark-
ers addressed in the relevant EPARs. Nevetheless, the evalu-
ation was restricted to only molecular genetic techniques,
which are not always optimal for several biomarkers such as
PD-L1 or HER2 (ERBB?2). For these biomarkers, FISH or
Microarray and Bi-directional Sanger-sequence analysis was
identified as the registered method in the GTR in the screen-
ing by drug; however, more suitable tests based on clini-
cal studies such as immunohistochemistry were mentioned
in the associated EPARs, for example for pembrolizumab
(PD-L1 IHC 22C3 pharmDxTM Kit) [65] and trastuzumab
(HER2 analysis by ICH and FISH) [66], respectively.

For an in vitro diagnostic (IVD) such as a companion
diagnostic, assessment and documentation of the scientific
validity and analytical and clinical performance is required.
Furthermore, for the EU market, a demonstration of con-
formity with the IVD regulation is obligatory and has to
be indicated by CE marking [3]. However, information on
in vitro diagnostic CE marking according to EU regulation
was not identified in the screening of the GTR. Therefore,
a major limitation is that this overview relies on data of the
GTR, which is not a comprehensive registry as it is estab-
lished on a voluntary basis, and information on regulatory
clearances and analytical and clinical validity of the regis-
tered tests is rarely included in the associated sections of the
GTR by test providers. Therefore, it cannot deliver a suffi-
cient profile of tests and testing techniques across the genetic
testing landscape in clinical settings for decision support in
clinical diagnostics and therapy management in Europe. A
registry based on a mandatory registration to enhance trans-
parency on clinical genetic tests and test validity internation-
ally was recommended more than 10 years ago; however it
has not been established yet [67].

5 Conclusions

For an accurate and reliable determination of pharmaco-
genetic and pharmacogenomic biomarkers of relevance for
personalized drug therapy, sequencing-based methods are
useful techniques that are gaining importance for clinical
practice. NGS in particular is an increasingly accessible
and affordable application for routine clinical diagnostics.
Molecular genetic tests are offered for clinically relevant
genomic regions for which testing is currently optional,
required or recommended to guide drug therapy. Also,
most biomarkers relevant for prescriptions of approved
drugs in Europe are covered by worldwide-offered NGS
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applications. However, there are still obstacles to translat-
ing the test results into appropriate treatment recommenda-
tions. Furthermore, genetic testing is not a holistic approach.
Advancements in other clinically relevant fields such as pro-
teomics may contribute to further important biomarkers and
diagnostic testing methodologies. The speed in such devel-
opments presents a challenge to future standardization and
regulation in the use of companion diagnostics.
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