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Abstract 

Pharmacogenetic research has resulted in the identification of a multitude of 

genetic variants that impact drug response or toxicity. These polymorphisms are 

mostly common and have been included as actionable information in the labels 

of numerous drugs. In addition to common variants, recent advances in Next 

Generation Sequencing (NGS) technologies have resulted in the identification of 

a plethora of rare and population-specific pharmacogenetic variations with 

unclear functional consequences that are not accessible by conventional forward 

genetics strategies. In this review, we discuss how comprehensive sequencing 

information can be translated into personalized pharmacogenomic advice in the 

age of NGS. Specifically, we provide an update of the functional impacts of rare 

pharmacogenetic variability and how this information can be leveraged to 

improve pharmacogenetic guidance. Furthermore, we critically discuss the 

current status of implementation of pharmacogenetic testing across drug 

development and layers of care. We identify major gaps and provide 

perspectives on how these can be minimized to optimize the utilization of NGS 

data for personalized clinical decision-support.  
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Introduction 

Genetic variation in genes encoding drug targets or enzymes and transporters 

involved in drug disposition have long been considered as promising biomarkers 

to predict toxicity and identify patients that will benefit most from the therapy in 

question. Germline variations, i.e. inherited variants that are passed on to 

offspring, are mainly used to predict drug pharmacokinetics whereas somatic 

mutations, i.e. variants that change the DNA sequence of a somatic cell but are 

not inherited and not passed on to offspring, guide therapy selection in oncology. 

In recent years, a plethora of studies have described pharmacogenetic 

associations and as of February 2021, at least 82 and 91 drugs carry actionable 

germline and somatic biomarkers, respectively 1. The testing of somatic 

variations has become increasingly common in routine clinical care, often in the 

form of companion diagnostics; in contrast, the clinical implementation of most 

germline biomarkers lags behind and <10% of patients who are prescribed a 

medication that contains germline pharmacogenomic labeling receive 

preemptive testing 2. So far, only one variant allele requires preemptive testing 

(HLA-B*57:01 for abacavir), while screening for a few additional variants is 

mandated only for certain ethnogeographic groups (e.g. HLA-B*15:02 for 

carbamazepine in patients of South East Asian descent). Furthermore, certain 

variants with mounting evidence of their clinical utility and cost-effectiveness 

might soon be incorporated into routine testing prior to initiation of therapy, 

including reduced function alleles in DPYD and TPMT for fluoropyrimidine and 

thiopurine toxicity, respectively. 
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Early successes of pharmacogenomics were made possible using forward 

genetics, in which studies aimed to identify genetic differences that might 

explain a given phenotype. However, this approach proves difficult for rare 

phenotypes and for complex genetic associations that comprise a multitude of 

variants with individually small effect sizes. Recent advances in sequencing 

technologies have opened new possibilities for reverse genetics, in which large-

scale genetic data forms the basis for functional studies. In this review, we 

provide an updated overview of current pharmacogenetic biomarkers of clinical 

relevance, highlight the advantages and limitations of emerging sequencing 

methods, and discuss how the resulting genomic datasets can facilitate precision 

medicine in clinical care and drug development. 

 

 

Key examples of germline pharmacogenomic biomarkers 

Germline variations in genes that are involved in drug pharmacokinetics and 

pharmacodynamics (PK/PD) and drug-induced immunological responses are 

estimated to explain approximately 20-40% of the interindividual variability in 

drug response and toxicity 3-6. In past decades, numerous genetic variants have 

been identified that can serve as germline pharmacogenomic biomarkers and it 

has been estimated that these germline variants could have an overall effect on 

PK or drug response for 18% of all outpatient prescriptions 7. Many of these 

biomarkers localize to genes encoding cytochrome P450 (CYP) drug 

metabolizing enzymes, which account for 80% of phase I drug metabolism 8. 

Well-established examples include duplications of the functional CYP2D6 gene, 

which are associated with codeine intoxication 9, the decreased function alleles 
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CYP2C9*2 and *3, which are associated with the requirement for warfarin dose 

adjustments 10, and the loss-of-function allele CYP2C19*2, which causes reduced 

clopidogrel bioactivation and poorer cardiovascular outcomes in patients 

undergoing percutaneous coronary intervention 11. Furthermore, clinically 

relevant associations have been identified between CYP2C19 genotypes and 

exposure as well as therapeutic failure rates of the antidepressants sertraline 

and escitalopram 12,13. 

 

While most of the currently identified pharmacogenomic germline biomarkers 

affect CYP genes, variations in other phase I and phase II drug metabolism genes 

as well as in genes encoding drug transporters can also be useful to guide drug 

or dose selection. Well-established examples include DYPD reduced function 

alleles (mainly HapB3, *2A or D949V) as biomarkers of capecitabine, 

fluorouracil, and tegafur toxicity in cancer patients 14, UGT1A1 promoter 

polymorphisms for irinotecan-induced myelosuppression and neutropenia 15, as 

well as the reduced function variant rs4149056 (part of SLCO1B1*5 and 

SLCO1B1*15) that is associated with simvastatin-induced myopathy and 

rhabdomyolysis 16. Furthermore, emerging data suggest that genetic variation in 

SLC22A1 (encoding the OCT1 transporter) constitutes an important contributor 

to the interindividual variability in efficacy of opioids and other analgesics 17. 

 

Compared to variation in genes involved in drug disposition, the importance of 

pharmacodynamic variability (i.e. the genetic variation in drug target genes) on 

interindividual drug response is overall less-well understood. Seminal work on G 

protein-coupled receptors (GPCRs), one of the most common drug target 
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categories, demonstrated that naturally occurring variants in this gene family 

can have pronounced effects on drug response, causing biased downstream 

signaling or drug resistance in a ligand-specific way 18. In addition, several 

studies have explored genetic variability in select drug targets and discussed 

their population differences and predicted functional consequences 19-22. To 

systematically evaluate effects of drug target variability on drug response to the 

US Food and Drug Administration (FDA)-approved drugs, variant data from 

138,632 individuals was recently mapped onto all available drug target crystal 

structures 23. This analysis revealed that one in six individuals carried at least 

one variant that affected an amino in the binding pocket in close proximity (<6Å) 

to the bound drug. Furthermore, the predicted effects on drug function were 

experimentally confirmed using three targets from cardiology, oncology and 

neurology, demonstrating the functional importance of rare variants located in 

drug-target binding sites, further incentivizing the utilization of such information 

for guiding personalized drug selection and drug development.   

 

In addition to variations that affect drug response by altering drug binding sites, 

germline variants can alter the pharmacodynamics of drugs developed for 

specific congenital disease mutations. Arguably, the most prominent example is 

ivacaftor, which improves functions of the cystic fibrosis transmembrane 

conductance regulator (CFTR, encoded by ABCC7) in patients with cystic fibrosis. 

Cystic fibrosis is caused by genetic variants in the ABCC7 gene that cause 

misfolding or mislocalization of the transporter and reduced CFTR function. 

Ivacaftor augments transporter function of CFTR in patients carrying the 

reduced function variant CFTRG551D 24,25. In contrast, ivacaftor is not effective in 
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homozygous CFTRF508del carriers, as the F508del mutation abrogates CFTR 

localization to the plasma membrane, thus rendering cells unresponsive to the 

effects of CFTR potentiators 26. Instead, detrimental effects of CFTRF508del can be 

rescued using the chemical chaperone lumacaftor, which reduces arrest of the 

variant protein in the endoplasmic reticulum, restoring its expression at the 

plasma membrane and allowing for the rescued mutant transporters to 

subsequently respond to ivacaftor27. 

 

Recently, a two-stage genome-wide association study (GWAS) identified the 

intronic variant rs2205986 as a strong risk factor of interferon-β (IFN-β)-

induced liver injury (OR=8.3 irrespective of the co-variants adjustment), an 

adverse drug reaction commonly observed in IFN-β-treated multiple sclerosis 

patients 28. The authors demonstrated that rs2205986 is a useful germline 

biomarker that is predictive of liver injury, similar to elevations in levels of 

circulating aspartate aminotransferase and alanine aminotransferase. Thus, this 

finding suggests that preemptive genotyping of rs2205986 might constitute a 

promising method to stratify patients for multiple sclerosis treatment and 

minimize IFN-β-induced liver injury. 

 

Human leukocyte antigen (HLA) genes are extremely polymorphic and a large 

number of HLA variants have been identified as germline biomarkers for drug 

hypersensitivity 29. The most well-established clinical associations include HLA-

B*57:01 with abacavir-induced hypersensitivity syndrome 30, HLA-B*15:02 and 

HLA-A*31:01 with carbamazepine-induced Stevens–Johnson syndrome and toxic 

epidermal necrolysis 31,32 and HLA-B*58:01 with allopurinol-induced severe 
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cutaneous adverse reactions 33. Notably, HLA biomarkers are being increasingly 

discovered. One recent GWAS identified the intronic variant rs114892859, a tag 

SNP of HLA-B*55:01, as a strong predictor of penicillin allergy in a European 

population (OR=1.47, p=1.29*10-29; ref. 34). Furthermore, the direct association 

between HLA-B*55:01 and penicillin allergy was corroborated in another 

independent cohort containing more than 1 million subjects of European 

ancestry (OR=1.3, p=1*10-47). Taken together, these findings strongly suggest 

that HLA-B*55:01 can identify individuals with penicillin allergy among 

Europeans. However, as the odds ratios are relatively low, the value of the 

clinical implementation of HLA-B*55:01 testing remains to be determined. 

 

Another GWAS associated HLA-DQA1*05 with the formation of antibodies against 

the tumor necrosis factor (TNF) inhibitors infliximab and adalimumab, which 

can result in resistance against these treatments in patients with Crohn’s disease 

35. After 2 years of follow-up, the number of patients that developed anti-drug 

antibodies was significantly higher in the HLA-DQA1*05 carriers compared to 

non-carriers (p=5.88*10-13). The authors demonstrated that HLA-DQA1*05 

status, together with other factors such as sex and immunomodulator use, could 

explain 18% of the variability in immunogenicity to anti-TNF treatment. 

 

 

Key examples of somatic pharmacogenomic biomarkers 

Somatic mutations are not passed on to progeny and can occur in any cell. If such 

mutations occur directly within the gene body or regulatory region of a so-called 

driver gene, they can contribute to oncogenesis 36. Importantly, the variant 
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proteins resulting from somatic mutations constitute common targets in 

oncological therapy, including but not limited to hematological disorders, non-

small cell lung carcinomas (NSCLC), and breast cancer. 

 

Hematological disorders 

Overall survival from hematological malignancies has been improving in both 

pediatric and adult patients 37,38. In part these developments can be attributed to 

the evolution of sequencing technologies and the discovery of new somatic 

mutational targets. Imatinib was the first drug in a long list of small molecule 

tyrosine kinase inhibitors (TKIs) that target the oncogenic BCR-ABL chimeric 

tyrosine kinase 39. BCR-ABL is the result of the t(9;22) chromosomal 

translocation known as Philadelphia chromosome. Despite the hopes that 

imatinib brought to leukemia patients, drug resistance emerged in almost one 

third of patients with high-risk chronic myeloid leukemia 40. Resistance 

mechanisms are heterogeneous and involve altered cancer cell drug disposition 

resulting from reduced OCT1-mediated drug uptake or increased drug efflux due 

to increased MDR1 activity, BCR-ABL hyperexpression, and the acquisition of 

escape mutations that render the fusion kinase itself resistant to imatinib 41,42. 

Resistance mechanisms are intrinsic or they are acquired after treatment. In 

acquired resistance, BCR-ABL escapes inhibition due to the accumulation of 

additional point mutations, most commonly T315I, that confer resistance to 

treatment with conventional TKIs. This resulted in the introduction of second 

and third generation of TKIs like dasatinib, nilotinib, and ponatinib, which have 

higher binding affinity to the mutant forms of BCR-ABL. Somatic mutations play 

increasingly important roles in the myeloid system, as exemplified by mutations 
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in TP53 that can serve as independent predictors of overall survival in 

myelodysplastic syndrome 43. Furthermore, somatic mutations are believed to 

precede the occurrence of acute myeloid leukemia, thus paving the path for 

future surveillance tools in hematological malignancies 44.  

 

Lung cancer 

The use of somatic pharmacogenomic biomarkers is arguably most extensively 

established for epidermal growth factor receptor (EGFR) inhibitors in NSCLC. 

EGFR is a receptor tyrosine kinase that upon binding of its ligand, dimerizes and 

autophosphorylates tyrosine residues in its intracellular domain, which enables 

downstream signaling via the RAS-RAF-MEK-MAPK and PI3K-PTEN-AKT axes 45. 

Importantly, the kinase activity of EGFR can be affected by oncogenic mutations 

in the EGFR tyrosine kinase domain, resulting in ligand-independent EGFR 

activation and subsequent suppression of cancer cell apoptosis 46. Overall, such 

somatic pharmacogenomic markers in EGFR are prevalent in 15-50% of NSCLC 

patients 47. Gefitinib and erlotinib were the first orally active EGFR inhibitors 

approved for treatment of locally advanced or metastatic NSCLC after failure of 

at least one prior chemotherapeutic regimen. Additional EGFR inhibitors have 

been approved in recent years, including afatinib (FDA approval: 2013) and 

dacomitinib (FDA approval: 2018). Importantly, however, cancers frequently 

acquire resistance to these medications by accumulation of further mutations. To 

counter these resistance mechanisms, mutation-specific EGFR inhibitors that 

specifically target emerging resistance mutations have recently been approved. 

Specifically, osimertinib significantly improved progression free survival in 
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T790M–positive NSCLC patients who had failed first line therapy compared to 

platinum–pemetrexed therapy (hazard ratio = 0.3; p<0.001) 48. 

 

In addition to EGFR mutations, genomic rearrangements resulting in gene 

fusions of the receptor tyrosine kinase ALK and EML4 are common, in which the 

amino terminal of the microtubule associated protein EML4 fuses to the 

intracellular kinase domain of ALK, occurring in 4-6% of NSCLCs, primarily 

adenocarcinomas 49. Constitutive dimerization of EML4-ALK mediated by a 

dimerization motif of EML4 results in enhanced kinase activity that results in 

hyperactivation of RAS/MAPK, PI3K/AKT, and JAK/STAT signaling 50. Several 

approved drugs target ALK rearrangement, including crizotinib, ceritinib, 

alectinib, brigatinib, and loralitnib, which act by binding to the ATP-binding 

pocket of ALK and subsequently prevent autophosphorylation required for 

enzyme activation.  

 

Besides EGFR mutations and ALK rearrangements, somatic mutations of the 

serine-threonine protein kinase BRAF constitute important therapeutic targets 

for NSCLC in 3% of patients with V600E being the most common mutation 51. 

The mutated BRAF phosphorylates and activates MEK/MAPK signaling 

stimulating cell proliferation. In NSCLC, the combination of BRAF inhibitors 

(dabrafenib) and MEK inhibitors (trametinib) was able to overcome resistance 

associated with the use of single agent therapy and provided a clinically 

meaningful response and safety outcomes in patients with BRAFV600E mutation 

52,53.  
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Breast cancer 

Breast cancer is commonly categorized into four intrinsic subtypes: i) luminal A, 

ii) luminal B, iii) HER2 positive, and iv) triple negative. Luminal A and B are 

usually estrogen and/or progesterone positive, whereas HER2 positive tumors 

are typically hormone-receptor negative and tend to have worse prognoses 54. 

Triple negative breast cancer is negative for both hormone-receptors and HER2 

and is usually associated with BRCA1 mutations 55. 

 

The somatic mutation profile in breast cancer is heterogenous with mutations 

most commonly found in PIK3CA and TP53, of which the former is associated 

with hormone receptor positive cancers, whereas somatic TP53 mutations are 

mostly found in HER2 positive tumors and tumors with BRCA1 mutations 56,57. 

Furthermore, breast cancers commonly feature somatic hyperactivation of cyclin 

dependent kinases (CDKs), particularly in hormone receptor positive tumors 

where estrogen increases the rate of cell cycle progression 58. This has led to the 

development of the specific CDK4/6 inhibitors ribocilib 59, palbociclib 60 and 

abemaciclib 61. Lapatinib is another example of a small molecule that specifically 

targets HER1 and HER2 and is approved by the FDA for use in previously treated 

metastasized HER2 positive breast cancers in combination with capecitabine 62. 

Luminal HER2 positive breast cancer typically benefits from a combination 

neoadjuvant therapy of trastuzumab and laptinib 63.  

 

Triple negative breast cancer constitutes the most aggressive subtype with 

overall poor prognosis. The mainstay of treatment has been chemotherapy, 

however, addition of targeted treatment to BRCA1/2 mutations by poly-(ADP-
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ribose) polymerase (PARP) inhibitors (olaparib and talazoparib) in combination 

with cisplatin or carboplatin has improved therapeutic outcomes 64. 

Furthermore, programmed death-ligand 1 positive (PD-L1+) triple negative 

breast cancers benefit from treatment with the checkpoint inhibitor 

atezolizumab in combination with paclitaxel 65. Safety and efficacy trials of 

additional immune checkpoint inhibitors are ongoing and further FDA approvals 

are expected in the near future. 

 

 

Emerging sequencing technologies 

The landscape of genotyping technologies has drastically changed since the 

completion of the Human Genome Project in 2003 (Table 1). This project 

incentivized the development of novel Next Generation Sequencing (NGS) 

technologies and contributed indirectly to the shrinking costs of sequencing 66. 

Within the context of pharmacogenomics, NGS has proven to generate clinically 

relevant data, whether using targeted sequencing or whole genome/exome 

sequencing. In addition to its ability to detect single nucleotide polymorphisms 

(SNPs), copy number variations (CNVs), and complex structural variations, NGS 

enabled the discovery of a plethora of rare and novel variants with potential 

clinical relevance.  

 

Conventional NGS utilizes short-read sequencing (SRS) that typically amplifies 

DNA stretches of 50-250 base pairs, which are then assembled to larger contigs. 

Importantly however, SRS faces major limitations for the profiling of complex or 

repetitive genetic loci, as short reads are often difficult to unambiguously align 
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or assemble, resulting in issues with the detection of large structural variation 

and variant phasing 67,68. These shortcomings are particularly relevant in 

pharmacogenomics, as many relevant genes, such as CYP2D6, CYP2A6, ABCB1, 

SLC22A1 and HLA genes, are highly polymorphic with nearby considerable 

intervals of low complexity regions, as well as segmental duplications or variable 

number tandem repeats 69. 

 

These drawbacks of SRS were tackled by the introduction of long-read 

sequencing (LRS), which is capable of covering up to 100 Kb 70. Two major 

platforms are available for LRS application: PacBio single-molecule real-time 

sequencing (SMRT Seq) and nanopore sequencing. SMRT Seq is an optical 

method in which the integration of fluorescently labeled nucleotides into a 

nascent nucleic acid chain by an immobilized DNA polymerase is monitored in 

real time 71. In contrast, nanopore sequencing quantifies the fluctuations in ionic 

currents that differ between nucleotides upon translocation of a nucleic acid 

chain through a nanopore 72. While both methods can overcome the technical 

limitations of SRS, the substantially higher cost and longer turnaround times still 

limit their routine use for clinical applications.  

 

LRS has been successfully established as an emerging genetic testing tool for HLA 

and CYP2D6 73. One recent example of its successful use is the high-resolution 

confirmation of an association between HLA-C*07:01 and clozapine-induced 

myocarditis in patients with schizophrenia 74. In contrast to HLA genes, CYP2D6 

does not serve essential endogenous functions 75, albeit some effects on brain 

physiology and function have been discussed 76,77. However, the encoded drug 
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metabolizing enzyme is responsible for the metabolism of around 20% of all 

clinically approved medications 78. While already >130 distinct CYP2D6 

haplotypes with further suballeles have been described, nanopore sequencing of 

a small sample of 64 CYP2D6 alleles revealed 12 novel alleles/suballeles 79. 

Similarly, LRS helped to confirm and refine ten novel CYP2D6 haplotypes 

identified by targeted short-read sequencing in a large cohort of 990 Japanese 

samples 80. These results demonstrate that SRS and LRS currently fill separate 

synergistic roles in which SRS can flag samples of potential interest in a larger 

cohort, which are then analyzed further at higher resolution using LRS. However, 

we envision that within the next decade, LRS will become the predominant 

sequencing platform for pharmacogenomic studies. 

 

 

Rare genetic variants 

In the last decades, many common variants have been identified and 

characterized for function and expression in vitro and in vivo. The advent of high 

throughput technologies for genome sequencing has further accelerated 

pharmacogenomic research and has resulted in the identification of genetic 

variants at a record pace. Particularly, such sequencing-based approaches have 

unveiled a plethora of rare genetic variations whose functional impacts remain 

unknown. Traditional methods to assess activity and expression of novel 

variants are not equipped for detecting the functional effects of such a vast 

number of rare variants of unknown clinical significance. However, the emerging 

strategies that combine concepts from classic gene expression and function 

systems with newer, high-throughput approaches and in silico predictions are 
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promising to better understand effects of rare pharmacogenetic variants as 

potential liabilities for adverse drug events or altered drug response.  

 

Prevalence of rare genetic variants in pharmacogenes  

Common genetic variants are more likely to be identified and easier to parse by 

genetic association studies than are rare variants, due to the smaller number of 

individuals that need to be analyzed to find sufficient numbers of carriers. As 

such, common variations have been most extensively analyzed. However, recent 

studies have begun to elucidate the prevalence of rare genetic variation in 

pharmacogenes. Sequencing data analysis of 806 genes in more than 60,706 

exomes suggested that approximately 80% of individuals carry at least one 

genetic variant in a gene involved in drug response or toxicity 21. Similarly, an 

analysis of the prevalence of single nucleotide variants (SNVs) in 146 

pharmacogenes using exome and genome sequencing data for 7,595 individuals 

from the 1000 Genomes Project and the Exome Sequencing Project revealed 

12,152 SNVs, of which 93% were rare with minor allele frequencies <1% 81. 

Computational predictions of the functional effects of these variants suggested 

that rare variants are likely responsible for 30-40% of the functional variation of 

genes involved in drug response, including drug targets, drug metabolizing 

enzymes, or drug transporters 81. These findings were corroborated by analyses 

of 1000 Genomes Project data, which indicated that every individual harboured 

on average three clinically actionable variants 82. 

 

Rare genetic variability is prominent across important pharmacogene families, 

including CYP enzymes 83, and transporters of the solute carrier (SLC)84, solute 
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carrier for organic anions (SLCO)85 and ATP-binding cassette (ABC) families 86. 

With the abundance of NGS techniques used in research, we continue to discover 

novel rare variants; however, as their functional consequences are unknown, this 

information is not currently clinically actionable.  

 

Approaches to study genetic variants 

Historically, the impact of common pharmacogenetic variants on drug response 

and adverse events has been studied using candidate gene studies and GWAS. 

Candidate gene studies are useful to study select genes known or thought to be 

important in drug metabolism or response pathways. These targeted approaches 

can be useful and cost-effective to identify important pharmacogenetic variants, 

however their utility is limited given the bias of only studying select genes 87. A 

more comprehensive approach to identifying risk variants for adverse effects or 

drug response are GWAS, which use genomic information to identify common 

genetic variants among patients who exhibit subtherapeutic or supratherapeutic 

drug concentrations upon therapeutic drug monitoring (TDM), or those who 

have experienced an adverse drug event 88. Candidate gene studies and unbiased 

GWAS have contributed to many important pharmacogenetic discoveries and 

have laid groundwork for exploring effects of pharmacogenetic variants in more 

depth for a range of common variants that contribute small to large effects on 

drug response 89. Importantly, however, candidate gene studies and GWAS are 

unable to uncover associations for rare genetic pharmacogenetic variants, even 

for those that mediate large effects on drug response 87. Particularly for rare 

events, such as adverse drug reactions (ADRs) for which the numbers of patients 
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who have experienced the ADR are limited, association studies are typically 

underpowered. 

 

Evaluating the impact of rare pharmacogenetic variants of unknown clinical 

significance is daunting given their abundance and diversity within the human 

genome. Functional testing of rare variants in vitro using heterologous 

expression systems can provide valuable information for variants in drug 

transporters 90,91, metabolizing enzymes 92, and nuclear receptors 93. However, 

this approach remains low throughput and cannot be scaled to assess the 

hundreds of thousands of pharmacogenetic variants identified to date. In recent 

years, CRISPR/Cas9 has also been used to genetically engineer cell lines to 

express pharmacogenetic variants for functional study 94,95. However, while 

genome editing constitutes an important tool to study the effects of whole 

pharmacogene knockout in animals, most commonly mice 96-99, application of 

such methods to study point mutations, especially those that are rare, is cost- 

and time-inefficient. 

 

To overcome these limitations, high throughput assays to study genetic variation 

have gained traction in recent years. Deep mutational scanning is one such 

approach, which can be used to test all theoretical genetic variants in a gene of 

interest 100-102. In deep mutational scanning, a library of single-mutant plasmids 

is generated, for example by one-pot saturation mutagenesis 103. Expression of 

this diversity library in vitro results in each cell expressing an individual variant. 

A variety of cellular phenotypes can be identified using this approach, including 

protein abundance and binding or metabolism of substrates for variants within 
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the coding region, or fluorescent reporter assays for non-coding variants 104. 

Such multiplexed approaches present exciting novel opportunities to overcome 

the challenges of current low throughput methodologies. A recent study utilized 

deep mutational scanning to study 230 variants in CYP2C9 and CYP2C19 and 

identified 55 variants altogether that exhibited <25% of wild type protein 

expression, which could have implications on the metabolism of numerous drugs 

105. Additionally, deep mutational scanning revealed variants in NUDT15 with 

reduced activity that were retrospectively associated with thiopurine toxicity 

from clinical data 106. 

 

However, while such highly multiplexed strategies are becoming increasingly 

adopted, limitations remain, including the necessity to develop and optimize 

specific selection and screening assays for each gene of interest, and limited 

expertise in using these approaches 67,104. Furthermore, these assays cannot 

assess certain important aspects related to pharmacogenetic variants, including 

potential implications of post-translational modifications or cellular localization 

of the protein of interest.  

 

Given the considerable time and monetary investments required to conduct deep 

mutational scanning, in silico tools that predict functional effects of genetic 

variants are commonly used to estimate the functional impacts of 

pharmacogenetic variation and to prioritize variants for functional testing. These 

tools often use a combination of parameters including evolutionary 

conservation, sequence context, and physicochemical alterations of the resulting 

amino acid change to predict whether a variant will alter protein function 107. 
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Importantly, however, almost all commonly used algorithms are trained to 

predict variant pathogenicity, i.e. their propensity to cause disease. Thus, their 

application to poorly conserved pharmacogenes lacking important endogenous 

functions has resulted in low predictive performance 108. Recent studies have 

developed quantitative computational tools specifically developed for the 

functional interpretation of pharmacogenetic variation and showed that these 

methods substantially outperformed conventional conservation-based 

approaches 109.  

 

Due to their low cost and high throughput, the use of in silico tools is attractive 

especially for their application to rare genetic variants. However, predictions are 

not always concordant with pharmacogenetic activity and expression, especially 

for variants that exhibit substrate specific effects 91. While discordance between 

in silico and in vitro tools is generally believed to be due to the inaccuracy of 

computational predictions, a recent benchmarking study using DPYD and TPMT 

population-scale genomic data found that computational methods achieved 

predictive accuracy similar to in vitro experiments 110. Interestingly, the variant 

sets that did not agree with in vivo data differed between in silico and in vitro 

methods, suggesting that the complementary use of both approaches can 

increase confidence that the prediction is accurate. 

 

The major drawback to using these prediction models are considerable false 

positive and false negative rates, both of which reduce the utility of 

computational pharmacogenomic predictions. While sensitivity and specificity of 

>90% have by now been achieved using these in silico models, these accuracies 
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still result in unacceptable numbers of incorrect predictions given the thousands 

of pharmacogenomic variants found in the human genome. Due to the 

aforementioned limitations, current computational predictions cannot yet be 

recommended for implementation into clinical practice. However, going forward, 

in silico predictions will likely become more accurate through increased 

availability of experimental data for model training coupled with improved 

artificial intelligence-based algorithms 111,112. To this end, particularly 

multiplexed high throughput assays promise to contribute substantially. In 

addition to improved predictive accuracy, stringent prospective trials are 

required to inform whether NGS-guided treatment can be of clinical utility, thus 

paving the way for genetically informed medicine that considers a patient’s 

entire genetic profile, including rare and novel variations. 

 

 

Pharmacogenomics in Drug Discovery and Development 

The discovery and development of transformative medicines for unmet medical 

needs is challenged by poor clinical translation mainly due to inadequate efficacy 

and/or safety concerns. One study observed that in a group of 640 

investigational new drugs (INDs), 54% failed clinical development partly due to 

inadequate efficacy (57%) and safety issues (17%)113. Several genetic and non-

genetic factors affect the PK/PD profile of drugs with genetic variations 

accounting for up to 95% of the differences in drug response 114. Hence, the 

success of clinical drug development programs is partly dependent on the 

genetic profile of the patient population recruited for clinical trials, as well as the 

patient population implicated in ADRs during postmarket evaluation. It is thus 
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beneficial to characterize the core genetic drivers of the PK/PD pathway of INDs 

early in the drug development program to allow for the determination of 

potential interindividual variation in drug response in the affected patient 

population. 

 

Pharmacogenomics can help drug developers understand the impact of genetic 

variation on drug response by identifying drug responders and non-responders, 

as well as individuals at risk of ADRs, with the overall goal of expediting drug 

development and avoiding drug failures. This can be achieved by applying 

genomic data to different stages of drug discovery and development starting 

from biological target identification and validation to patient recruitment for 

clinical trials.   

 

The benefits associated with the incorporation of pharmacogenomic studies in 

drug discovery and development can be attributed to technological 

advancements in the field of genomics including NGS 115. The three main genomic 

approaches that have been applied in drug discovery and development include 

candidate gene studies, GWAS, and whole exome and whole genome sequencing 

116. These genomic studies have led to an increased body of knowledge regarding 

genetic polymorphisms associated with interindividual variation in drug 

response, which are commonly used by drug developers and physicians (Table 

3). Additionally, the FDA provides a list of pharmacogenomic biomarkers in drug 

labeling 117, as well as other useful resources related to pharmacogenomics118. 

This information gathered from several pharmacogenomic databases and 

evidence-based studies can help drug developers make critical decisions 
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regarding i) inclusion and exclusion criteria for drug targets, ii) lead compound 

optimization iii), recruitment of patient population for clinical trials and iv) drug 

labeling. 

 

Pharmacogenomic information has significantly contributed to the success of 

several drug development programs. A prominent example is the use of 

companion diagnostic tests to accelerate the approval of drug candidates by 

directing therapeutic benefits to a specific subgroup of the affected patient 

population.  Acute myeloid leukemia (AML) is the most common acute leukemia 

in adults ≥ 65 years and was responsible for the death of about 10,920 patients 

in 2019 119. The standard of care has been chemotherapy with the possibility of 

stem cell transplant; however, the clinical outcome of this treatment regimen is 

very poor in the elderly patient population due to the unique patient and disease 

attributes resulting in complete remission rates of 40-50% and shorter duration 

of remission 120,121. The development of targeted treatment approaches has 

mitigated or reduced the shortfalls of the established standard of care. Previous 

studies revealed that mutated forms of isocitrate dehydrogenase 1 (IDH1), found 

in 7-14% of AML patients, generated the oncometabolite 2-hydroxyglutarate that 

disrupts normal cellular development, contributing to oncogenesis 122,123. These 

scientific findings paved the way for the development of ivosidenib, an inhibitor 

of mutated IDH1 that was approved by the FDA in 2018, for adult patients with 

relapsed or refractory AML with a susceptible IDH1 mutation as detected by an 

FDA-approved companion diagnostic test 124. The companion diagnostic device, 

Abbott RealTime IDH1, is a device that is used to identify AML patients with 

IDH1 mutations for treatment with ivosidenib. The use of companion diagnostic 
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tests to target a specific subgroup of the patient population has accelerated and 

improved the clinical outcome of drug development in oncology with about 44 

FDA-approved companion diagnostic devices for several oncology drugs 125. 

 

In addition to identifying individuals susceptible to specific treatments, 

pharmacogenomics can facilitate the identification of genetic polymorphisms 

that limit the clinical benefits of drugs in specific patient populations. One such 

case is the implication of genetic variation in ABCG2 (encoding breast cancer 

resistance protein, BCRP) as a determinant of response to allopurinol 126. Gout is 

the most common inflammatory arthritis with a prevalence of up to 6.8% and an 

incidence rate of about 2.89% per 1,000 person-years 127. Gout is caused by 

hyperuricemia – increased serum uric acid levels leading to the formation and 

deposition of monosodium urate crystals in and around the joints. Allopurinol is 

the first-line medication for the prevention of recurrent gout; it exerts its 

pharmacological activity by acting in synergy with its metabolite oxypurinol to 

inhibit xanthine oxidase, the enzyme that mediates uric acid biosynthesis. 

Interestingly, a previous 6-month trial that evaluated the efficacy and safety of 

once daily allopurinol in gout patients with serum uric acid levels ≥ 8 mg/dL 

found that only 42% of patients achieved the recommended serum uric acid 

target of ≤6mg/dL 128. Subsequent pharmacogenomic studies identified a 

reduced function allele rs2231142 (Q141K, G>T) of BCRP with poor response to 

allopurinol 129, hyperuricemia 130, and the development of tophaceous disease 

131. Therefore, implementing genetic screening for the aberrant allele can help 

identify gout patients that will benefit from allopurinol administration and 
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switch variant carriers who fail to meet the rheumatologist recommended serum 

uric acid target of ≤6mg/dL to pegloticase 132. 

 

Another interesting example is the use of pharmacogenomic biomarkers for 

predicting the outcomes of dalcetrapib therapy. Dalcetrapib is a cholesteryl ester 

transfer protein (CETP) inhibitor that increased HDL cholesterol but failed to 

reduce the risk of recurrent cardiovascular events in a large phase 3 trial of 

15,871 acute coronary syndrome patients 133. However, a subsequent GWAS 

study in the discovery cohort of the trial with 5,749 participants identified 

genetic variations in ADCY9 that are significantly associated with dalcetrapib 

cardiovascular endpoints (p=2.1*10-8; HR=0.61; ref. 134). Interestingly, in mice, 

Adcy9 ablation reduced atherosclerosis upon high cholesterol feeding, but these 

positive effects were lost upon transgenic introduction of CETP, thus 

corroborating a direct functional link between ADC9 and CETP function as well 

as cardiovascular outcomes 135. However, this association was not supported in 

19 ,210 genotyped individuals of European ancestry treated with the CETP 

inhibitor anacetrapib, suggesting that effects might be drug-specific or 

dependent on additional factors yet to be identified 136. 

 

Pharmacogenomics can also inform the postmarket evaluation of drugs. An 

interesting case study in this category is the safety concern associated with the 

antiretroviral drug efavirenz. Efavirenz is a non-nucleoside reverse transcriptase 

inhibitor (NNRTI) used in combination antiretroviral therapy (cART), and its 

efficacy and long half-life allow for once-daily oral formulations for treatment of 

HIV. Furthermore, it can be coformulated with other antiretroviral drugs into 
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one tablet. Nevertheless, in 2015, the US department of health and human 

services demoted efavirenz cART treatment from “recommended” to 

“alternative” due to increased incidence of central nervous system toxicity and 

drug-drug interactions relative to other HIV-1 integrase strand transfer 

inhibitor-based treatments 137. Many of the safety concerns are due in part to the 

genetic polymorphisms associated with its main metabolic enzyme, CYP2B6. A 

previous study showed that efavirenz increases hepatic CYP2B6 activity through 

CAR transactivation 138, resulting in autoinduction following prolonged dosing of 

efavirenz. However, genetic variation in CYP2B6 plays a critical role in 

determining the extent of efavirenz autoinduction amongst individuals; for 

example, CYP2B6*1/*1 and *1/*6 is associated with a significant CYP2B6 

autoinduction while CYP2B6*6/*6 shows negligible or no CYP2B6 autoinduction 

139. For example, when Zimbabwe implemented efavirenz as first-line treatment 

for HIV, unforeseen ADRs were observed due to supratherapeutic drug 

concentration mediated by CYP2B6*6 allele alone but not CYP2B6 autoinduction. 

This public health emergency could have been prevented by the use of precision 

medicine to identify HIV-patients that would benefit from the clinical 

administration of efavirenz. 

 

Besides flagging at-risk populations, pharmacogenomics can help inform drug 

repurposing programs with the overall goal of accelerating drug development. 

One timely example is the use of drug repurposing to accelerate the development 

of drugs for the coronavirus disease 2019 (COVID-19) pandemic. To inform the 

clinical development of COVID-19 drugs, a recent study investigated the clinical 
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pharmacogenetic implication of drugs that were being repurposed for the 

treatment of COVID-19 140. Eight drug candidates were selected based on 

established treatment guidelines by Infectious Disease Society of America 141 and 

the National Institute of Health 142, as well as a review of on-going clinical trial 

data. Review of associated pharmacogenomic information led to the 

identification of genetic variations that may alter the PK of 

hydroxychloroquine/chloroquine (CYP2C8, CYP2D6, SLCO1A2, and SLCO1B1), 

azithromycin (ABCB1), ribavirin (SLC29A1, SLC28A2, and SLC28A3) and 

lopinavir/ritonavir (SLCO1B1, ABCC2, CYP3A)140. Such information can help 

accelerate clinical drug development by targeting a specific patient population 

with the overall goal of developing effective and safe COVID-19 therapies. 

 

 

Implementation of pharmacogenomics in primary care 

Despite advancements in genomic technologies and the well-accepted role 

genetic variants play in contributing to adverse drug events, adoption of genetic-

guided pharmacotherapy into primary care settings has been slow and 

pharmacogenetic testing is not widely implemented in most primary care 

settings. Major barriers to integrating pharmacogenetics into routine clinical 

care include the lack of evidence of clinical benefit (including in large-scale 

clinical trials), cost effectiveness, and the lack of standardized treatment 

modification guidelines 143. Furthermore, streamlining clinical testing and 

reporting for the seamless integration into clinical workflows as well as 

improving the education and comfort level of healthcare professionals and 

patients will be required. Pharmacogenetic testing is more common in research 

Acc
ep

te
d 

M
an

us
cr

ipt



 

programs, which often utilize retrospective pharmacogenetic testing when 

efficacy is a concern, in situations of unexpected toxicity, or when drug 

concentrations fall outside the expected range as measured by TDM, which is 

particularly common for drugs with narrow therapeutic windows. Prospective 

pharmacogenetic testing is exceedingly rare outside of oncology, and there is no 

clear consensus on pharmacogenetic markers to implement in a clinical setting. 

Current evidence is also limited to specific gene-drug pairs. 

 

The advent of NGS in the mid 2000s dramatically reduced costs of sequencing 

and although genomic data is being increasingly harnessed toward increased 

understanding of disease and pharmacotherapy, this technological revolution 

has not yet resulted in an appreciable increase in the adaptation of 

pharmacogenomic testing in primary care. Reasons lie mostly in the complexity 

of genomic data, which require substantial time and expertise for meaningful 

interpretation 144. Furthermore, ethical dilemmas remain regarding which 

actions to take, if any, when pathological variants are fortuitously discovered.   

 

Many commonly prescribed medications have limited efficacy 145,146 and severe 

or fatal adverse drug reactions can ensue even when using the empirical dosing 

guidelines established by clinical trials 147. The “one size fits all” approach to 

drug selection and drug dosing often puts certain populations or individuals at 

risk of undesirable outcomes such as inadequate efficacy or toxicity. 

Pharmacogenomics-guided therapy is therefore an attractive approach and it has 

been demonstrated in multiple studies that implementation in primary care 

settings is associated with improved outcomes. A clinical trial for major 
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depressive disorder noted that in the pharmacogenetic-guided treatment arm, 

drug response improved, and intensity and frequency of side effects were 

reduced 148. Similarly, pharmacogenetic testing for polymorphisms in CYP2D6, 

CYP2C9, CYP2C19, CYP3A and VKORC1 among elderly patients and the 

accompanying personalized dose adjustments decreased hospitalizations and 

emergency room visits and providers were highly satisfied with the utility of the 

employed clinical decision support tool 149. Furthermore, pharmacogenetics-

guided dosing decreased re-hospitalizations and emergency room visits in 

polypharmacy patients 50 years of age and older, which amounted to improved 

outcomes and potential resource savings 150.  

 

However, despite these promising data, the implementation of preemptive 

genotyping to guide drug or dose adjustments in primary care remains the 

exception. In the following sections we discuss important hurdles that need to be 

overcome to facilitate pharmacogenomics in primary care.   

 

Challenges associated with pharmacogenomic clinical trials 

The implementation of pharmacogenomic testing to guide treatment decisions in 

primary care is often suggested to require data generated by gold-standard 

approaches in evidence-based medicine, including randomized-controlled trials 

(RCTs). However, the use of RCTs in pharmacogenomics is not always feasible or 

appropriate. For instance, dose adjustments for patient comorbidities that alter 

drug exposure occur at the discretion of the physician and do not require RCT 

data, whereas genetically guided dose adjustments do 151.  
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Ethical concerns are also important considerations in the design of 

pharmacogenomics-based RCTs. A patient who harbours a clinically actionable 

pharmacogenetic variant cannot be ethically randomized to a treatment group 

that may precipitate an adverse drug event or toxicity 152. In addition, the 

distribution of populations in RCTs is often biased by overrepresentation of 

subjects with European ancestry, an aspect that will be covered in detail below. 

Over-representation of one population may result in the minimization of the 

potential for safety and efficacy concerns presented by population-specific 

variants that are absent or rare in the studied group.  

 

An additional consideration is whether the benefit of the data obtained from 

pharmacogenomics-guided RCTs outweighs the financial investment. This is 

especially true with regard to drugs already on the market, where resource-

intensive, large trials are difficult to justify, and pharmaceutical companies are 

unlikely to be incentivised to fund such trials. Homogenous patient populations, 

difficulties recruiting participants carrying variant alleles, and the traditional 

design of RCTs for determining efficacy and not risk of adverse drug events, 

suggest it may not be helpful to demand RCTs in pharmacogenomics.  

 

Consequently, the FDA uses data collected in non-RCTs to apply 

pharmacogenomic information to drug labels. These studies, including smaller 

non-randomized clinical trials, retrospective studies, and meta-analyses, 

contribute valuable pharmacogenomic information while being less expensive 

and easier to conduct than RCTs. Some RCTs have even progressed to include 

pharmacogenomic testing, which will be helpful going forward 153. Post hoc 
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genotyping can be performed such that genetic information is obtained after the 

patient randomization and treatment, and results can subsequently be analyzed 

by subgroups to determine whether genotype plays a factor in a specific 

outcome. Genotyping can also be conducted prior to randomization, where 

excess numbers of reference sequence patients may be excluded to enrich the 

study population to better compare outcomes for wild type and genetically 

variant individuals. 

 

Preemptive genotyping can be used to stratify individuals and compare 

outcomes for genotype-guided dosing to standard of care in an RCT 154. Such 

approaches have been successfully integrated into RCT designs; one example is 

the application of genotype-guided dosing to patients on warfarin therapy for 

atrial fibrillation or venous thromboembolism. This study randomized patients 

to a pharmacogenomics-guided arm or standard of care arm and found that 

pharmacogenomics-guided therapy was associated with a higher percentage of 

time in the therapeutic range 155. A recent, prospective, patient- and rater-

blinded trial found that pharmacogenetics-guided treatment was superior for 

treating depression and anxiety when compared to standard of care 156. A similar 

trial design showed that in patients with difficult-to-treat major depressive 

disorder, pharmacogenetics-guided treatment improved response and remission 

rates compared to standard of care 157.  Furthermore, a major RCT in Europe 

(PREPARE study) evaluates the effects of preemptive genotyping on patient 

outcomes and cost-effectiveness for 43 drugs in 7 countries across ethnicities 

and health care systems 158,159. Results of this study are currently being analyzed 

and are expected to be published in the coming months. 
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Biased population representation 

The effective application of pharmacogenomics in the clinic is also hindered by 

biased data. One pitfall of typical pharmacogenomic studies is that they have 

been largely conducted in European or Asian adult populations 160. An analysis of 

RCTs performed in 2014 showed that 86% of participants were of European 

ancestry, whereas Asian and Black populations only represented 6% and 3% of 

RCT participants, respectively 161. The lack of adequate representation of various 

ethnogeographic populations presents a knowledge gap, especially given the 

known population-specific differences in allele frequencies of pharmacogenetic 

variants. One such example is the VKORC1 gene, which encodes the vitamin K 

epoxide reductase enzyme that plays a critical role in coagulation. The 

anticoagulant warfarin inhibits the VKORC1 enzyme, resulting in reduced 

clotting. The 19% allele frequency of VKORC1 variant (rs7200749) in African 

Americans, which requires an increased dose of warfarin to prevent excessive 

blood clotting, is a stark difference to the general absence of this variant in 

European Americans (allele frequency <0.1%). Similarly, certain genetic loss-of-

function variants in CYP2C9 (including rs28371686, rs9332131, and 

rs28371685), encoding the drug metabolizing enzyme responsible for the 

metabolic inactivation of warfarin, are rare in individuals of European ancestry 

but common in African Americans 162. Therefore, when considering patient-

specific outcomes, ethnicity can be an important factor and cause for ordering 

appropriate pharmacogenetic testing.  
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Further, lack of pharmacogenomic testing in children has limited harnessing 

genetic-guided therapy in pediatrics. For example, the genetic variant rs4149056 

in SLCO1B1, encoding the hepatic uptake transporter OATP1B1, results in more 

pronounced differences in systemic simvastatin acid exposure in children when 

compared to adults. Mean blood concentrations of simvastatin acid increased by 

~6.3-fold in children homozygous for the variant allele whereas a ~3.2-fold 

increase was observed in adults of the same genotype 163,164. Increased exposure 

to simvastatin acid has been linked to muscle pain and weakness, in some cases 

severe and life-threatening rhabdomyolysis 16. These data support using caution 

when extrapolating adult data to pediatrics. 

 

Standardization of “actionable pharmacogenetic variants” 

A further reason for the slow uptake of pharmacogenetic testing into the clinic is 

the lack of specific guidelines for recommended dose adjustments or alternate 

choices of medications 165. Despite the availability of resources to interpret test 

results, including guidelines from a variety of academic- and industry-lead 

consortia and government regulatory agencies, there is a lack of consensus, 

which can hamper decision-making among healthcare providers, can alienate 

prescribers, and can make it difficult to decide which patients may benefit from 

pharmacogenetic testing 166. This highlights the importance of not only forming 

but also harmonizing knowledge bases, including the Clinical Pharmacogenetics 

Implementation Consortium (CPIC), the Dutch Pharmacogenetics Working Group 

(DPWG), the Canadian Pharmacogenomics Network for Drug Safety (CPNDS), 

and the Pharmacogenomics Knowledgebase (PharmGKB) for accurate and up to 

date evidence-driven guidelines for gene-drug pairs. 
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A recent analysis of pharmacogenomic guidelines issued by pharmacogenetic 

consortia and government agencies determined that there are large 

discrepancies between information disseminated by various information sources 

167. This study found that only 50% of the 54 actionable drug/gene pairs listed by 

CPIC and DPWG had the critical accompanying information to instruct healthcare 

practitioners on safe and effective use of medications for those patients. 

Furthermore, regulatory bodies such as the FDA and European Medicines Agency 

(EMA) were only in agreement with the consortia-lead guidelines in 18% of 

cases, and drug labels had government-issued pharmacogenomic guidance for a 

total of 126 gene-drug pairs for which no CPIC or DPWG guidelines existed. Of 

note, consensus between the FDA and EMA was only 54% 167,168.  

 

Discrepancies in standards are further exemplified in custom, targeted next-

generation sequencing approaches to identify variants in pharmacogenes. 

Various numbers of genes have been incorporated into such customized panels, 

where as little as 74 genes and up to 340 genes have been pulled from sources 

such as CPIC, PharmaADME, and PharmGKB, as well as independent literature 

searches where genes with preliminary associations to pharmacogenetic 

response are added 169-172. Although these approaches may be customized based 

on research interests, the lack of harmonization facilitates confusion and does 

not foster efficient uptake of pharmacogenomics into the clinic.  
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Integration of test results and recommendations into electronic health 

records 

The integration of pharmacogenetic data and guidelines for selection of alternate 

therapeutics into the workflow of busy physicians, nurses, and pharmacists 

poses significant challenges, especially when healthcare providers are not 

pharmacogenomics experts. Freely available resources including textbooks and 

databases aimed to educate doctors and nurses have become more widespread. 

Additionally, educational programs that focus on in-person training for 

pharmacogenetic testing aim to keep healthcare providers up to date with 

current information 143. If optimized and adopted properly, electronic health 

records (EHRs) can prove valuable tools for the integration of this information. 

However, for integration into clinical practice, test results and the ensuing 

pharmacogenetic information must be communicated in a standardized fashion, 

including the genotype, predicted phenotype, and how to address potential 

medication changes 173,174.  

 

Although workflows incorporating pharmacogenetic information into EHRs 

along with corresponding best practices are gaining traction, these data are not 

generally accessible in an easy-to-use manner. Recent advances include adding 

standardized CPIC phenotype terms to Systematized Nomenclature of Medicine – 

Clinical Terms (SNOMED-CT), which adds the patient metabolizer status into 

problem lists within EHR workflows 175. Further, the Electronic Medical Records 

and Genomics (eMERGE) Consortium recently highlighted the importance of 

standardization to harmonize sequencing procedures and data interpretation 

between multiple centres 176. The main objectives of the study were to obtain 
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EHR data and return genetic sequencing results to physicians, who further 

relayed this information to patients. It should be noted that there are significant 

challenges associated with the use of multiple centers, such as considering 

differences in collection sites and methodologies to collect, validate, and relay 

patient information. Additionally, findings suggested that the brevity of clinical 

visits hampered detailed phenotypes, and that enrolment in specific research 

studies may not capture information outside the scope of the study in question, 

thus stressing the importance of standardization of data collection, 

interpretation, and subsequent return of important findings to the patient, for 

effective implementation of precision medicine. 

 

Challenges in the interpretation of pharmacogenetic test results 

Certain genetic tests are easy to interpret regarding medication selection and 

dose adjustments. One such example is testing for DPYD, where carriers of 

established reduced function variants require dose adjustments of 

fluoropyrimidines to avoid severe possibly life-threatening toxicity. However, 

most tests are not as straightforward, particularly when additional non-genetic 

factors, such as co-morbidities, hepatic and renal function, as well as drug-drug 

interactions, can have pronounced impacts on drug response or toxicity. For 

example, patients with atrial fibrillation are often prescribed direct-acting 

anticoagulants that inhibit factor Xa, such as apixaban or rivaroxaban, for stroke 

prevention. TDM showed that in a routine clinical setting, interpatient variation 

in plasma concentrations of rivaroxaban and apixaban was 50-60-fold, higher 

than what was reported in clinical trials. Furthermore, 12-13% of patients on 

these medications exceeded the 95th percentile for the maximum plasma 
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concentration reported in clinical trials 177. This variability can be, at least in 

part, explained by the multitude of factors that impact the pharmacokinetics of 

factor Xa-inhibitors in addition to genetic variants in CYP3A4/5 and ABCG2, 

including renal dysfunction and interactions with concomitant medications that 

inhibit CYP3A or MDR1 178,179, although it has recently been demonstrated that 

the inhibition of intestinal efflux transporters MDR1 and BCRP do not play a 

clinically significant role in apixaban disposition 180. Thus, genetic testing should 

not be understood as the “silver bullet” but rather as one layer of information 

that has to be integrated with a multitude of other data sources to optimize 

patient care. 

 

Healthcare practitioner education and comfort 

A significant barrier to the implementation of pharmacogenetics into clinical 

decision-making is related to the comfort of the healthcare provider in 

interpreting and implementing results. However, few physicians are adequately 

trained to request, interpret, and recommend treatment modifications related to 

genetic testing 147.  A survey of physician opinions on pharmacogenomics 

revealed that over 50% did not expect to or were unsure whether they would 

integrate any changes to their prescribing practices based on pharmacogenomics 

alerts, and only 30% altered their prescribing de facto 181. Furthermore, over 

50% of participants found the alerts confusing, frustrating, or had difficulty 

finding further information regarding pharmacogenetic information contained in 

the alert. Results from this study reflect common themes related to the 

implementation of pharmacogenomics into routine care, including lack of 

pharmacogenomic education, which likely decreases the comfort level of 

Acc
ep

te
d 

M
an

us
cr

ipt



 

physicians to make appropriate recommendations for dose adjustments or 

alternative medications.  

 

There was also a lack of agreement on which medical professional should act on 

pharmacogenetic results. This could pose challenges related to efficient roll-out 

of pharmacogenetic testing into clinical care. If a specialist believes the primary 

care physician should act on the pharmacogenetic results, and vice versa, 

appropriate action could become lost in translation, with potentially detrimental 

outcomes for patients. A recent study reported that healthcare providers report 

limited knowledge and experience with pharmacogenetic testing and are 

concerned about the potential misinterpretation of results when integrating 

pharmacogenetic testing into their workflow 182. However, they appeared 

hopeful that pharmacogenetically guided treatment could improve treatment 

outcomes. Furthermore, this same study identified an additional gap between 

comfort and education of primary care providers relative to psychiatrists in that 

the primary care providers were less comfortable with pharmacogenomics-

guided treatment for depression relative to psychiatrists. Thus, adequate 

pharmacogenetic education of doctors, pharmacists, nurses, and other medical 

personnel across levels of care will be required to bridge these gaps.  

 

Cost-effectiveness of pharmacogenetic testing 

Economics play a role in integrating sequencing into the clinic, where cost-

effectiveness of pharmacogenetic genotyping or sequencing must be presented 

to decision-makers 183. The majority of pharmacogenetic-guided precision 

medicine strategies with available economic evaluations have proven cost-
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effective or even cost-dominant 184. Currently, the most cost-effective way of 

testing genetic variation is via genotyping assays that target one or few variants 

of clinical relevance. However, as costs of sequencing continue to decline, 

prospective sequencing will likely become increasingly cost-effective, replacing 

these current methods of variant identification 166. Importantly, cost-

effectiveness of preemptive testing is highly dependent on a multitude of factors, 

including the frequency of the variant of interest, as well as cost and safety 

profiles of treatment alternatives. For instance, a recent meta-analysis with HLA 

genotype data of up to 6.4 million individuals found major ethnogeographic 

differences in the number of patients needed to test to prevent one case of 

severe hypersensitivity reactions to abacavir, carbamazepine, and allopurinol 185. 

HLA-B*15:02 testing was only cost-effective across South East Asia, whereas 

genotyping of HLA-B*57:01 and HLA-A*31:01 was cost-effective in the majority of 

countries, again emphasizing the importance of population-specific 

considerations.  

 

Future Perspectives of Pharmacogenomic Implementation in Primary Care 

Despite the challenges associated with the widespread implementation of 

pharmacogenomics into routine clinical practice, the potential for significant 

improvements to patient care continue to excite health care professionals and 

clinical scientists.  With rapidly advancing sequencing technologies, there is 

momentum towards the possibility of large-scale pharmacogenomic testing in 

primary care and thus it is thought that the impact of pharmacogenomics on 

patient outcomes will be greatest when implemented at the population scale. 

The increase of popularity of commercial direct-to-consumer genetic testing 
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fuels continued optimism towards this eventual possibility.  The potential for 

significant benefit of integrating pharmacogenomics in patient care has been 

increasingly recognized, as evidenced by recent integration of 

pharmacogenomics into the curriculum for healthcare professionals, such as 

doctors 186,187, nurses 188, pharmacists 189-191 and dentists 192. 

 

When integrated into EHRs, pharmacogenetics data can be leveraged alongside 

patient medical history to better predict a patient’s phenotype (Figure 

1).  Patient medical record information coupled with informatics is increasingly 

being utilized to provide a clinical recommendation to health care providers, and 

only stands to be improved with the incorporation of complementary 

pharmacogenetic data 193-195. Recent examples demonstrate the potential for 

improved patient outcomes as a result of integration of pharmacogenetics and 

electronic medical records, for example, in tacrolimus dose selection 196, 

evaluation of the clinical relevance of arrhythmia-related rare genetic variants 

197, and in characterizing associations between genotype and adverse drug 

effects 198.  Interestingly, a very recent analysis of adverse drug reactions from 

medical records of a university hospital emergency department found that only 

two of 125 adverse drug events observed in a 6-month period may have been 

prevented by pharmacogenetics testing 199, further highlighting the importance 

of accounting for both genetics and patient history in successfully predicting 

patient outcomes.  Significant advancements have been made in extracting (and 

de-identifying) relevant data from patient medical records, including the 

descriptive text contained in clinician notes that allow valuable insights into 
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adverse outcomes, off-label drug use, and nuances of disease that are challenging 

to directly capture from electronic records 200. 

 

Beyond an individual’s genetic signature and medical history, interindividual 

differences in expression levels and activities of drug metabolizing enzymes and 

transporters constitute important determinants of drug response and toxicity. 

While these parameters are difficult to measure, recent advancements of 

minimally invasive liquid biopsies might have the potential to provide 

quantitative expression information to further stratify patients 201. Some degree 

of success has been reported when utilizing plasma exosomes to investigate the 

association between CYP3A4 expression and drug exposure, however reported 

correlations were only conducted in 6 individuals (pre- and post- CYP3A 

induction by rifampicin) and in general appear to be primarily driven by a single 

outlier from the rifampin-induced phase of the trial 202. Furthermore, plasma 

RNA levels of 12 key drug metabolizing enzymes and 4 xenobiotic transporters 

correlated with the corresponding liver protein levels obtained directly from 

hepatic biopsies in 29 patients with coefficients of determination (R2) between 

0.76 for CYP3A4 to 0.44 for ABCB1 (P-gp, MDR1) 203. These promising results 

demonstrate the potential for further patient stratification to complement 

pharmacogenetic testing toward individualized dosing. Moreover, they show the 

utility of liquid biopsies to non-invasively characterize hepatic expression of 

clinically relevant enzymes and transporters.  
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Conclusions and future perspectives 

Currently, the clinical impact of pharmacogenomics remains mostly limited to 

oncology, where somatic and a few germline biomarkers are routinely used to 

guide cancer therapy. Advances in genomic technologies allowing for genome-

wide studies to be conducted at feasible costs promise to expand the scope of 

pharmacogenomic studies from the genotyping of candidate variants in small 

case-control studies to comprehensive discovery studies on a population-scale. 

This change in perspective has resulted in the identification of a plethora of rare 

pharmacogenomic variations, many of which constitute unclear functional 

consequences. Despite these advances, the implementation of pharmacogenomic 

information into clinical care lags behind. While a multitude of studies showed 

that the majority of individuals carry actionable pharmacogenetic variants, such 

information is only rarely generated preemptively and point-of-care testing is 

not routinely performed in most health care systems. Furthermore, while 

current careful estimates are that rare variants might contribute to 20-40% of 

the overall genetically encoded interindividual variability in drug 

pharmacokinetics, response, and toxicity, functional translation of personalized 

variant profiles remains difficult, which impedes clinical implementation of NGS-

based pharmacogenomic approaches. Several trials that quantify the added value 

of pharmacogenomically-guided treatment are currently ongoing in Europe, the 

US, and Asia, which will provide crucial information about the impact on patient 

outcomes and cost-effectiveness of pharmacogenomics across genes, drugs and 

healthcare settings.  
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Tables. 

Table 1: Selection of clinically relevant pharmacogenomic germline 

biomarkers. 

Genetic 

variants 

Selected 

population 

frequencies, 

(in %) 

Enzyme 

function 

Example 

drugs 

Clinical outcome 

and significance 
Implementation  Ref 

Drug toxicity associations 

CYP2B6*6 
37.5 

(African) 
Reduced Efavirenz 

Neurological 

symptoms, OR=48.1  
Implementation not likely 204 

CYP2D6*1x

N 
3.3 (African) Increased 

Codeine 
Opioid overdose, 

Case study 
Black box warning 205 

CYP2D6*2x

N 
6 (African) Increased 

DPYD*2A 2.4 (Finnish) Reduced 

Fluoropyri

midines 
(capecitabi

ne, 

fluorouracil 
and 

tegafur) 

Systemic toxicity 

including diarrhea, 
neutropenia, 

thrombocytopenia 

and cardiotoxicity, 
*2A: OR=15.2; 

HapB3: RR=1.59 

Testing becoming 

increasingly implemented 

globally 

206 

DPYD 

HapB3 

2.1 

(European) 
Reduced 207 

UGT1A1*28 
40.4 

(African) 
Reduced Irinotecan 

Myelosuppression 

and 

neutropenia, 
OR=9.3 

Testing recommended 15 

TPMT*3A 4.3 (Latino) Reduced 

Thiopurines 

Myelosuppression, 

Heterozygote: 
OR=4.6; 

Homozygote: 

OR=18.6 

Testing recommended 208 
TPMT*3C 4.8 (African) Reduced 

SLCO1B1*5 
21.2 

(Finnish) 
Reduced 

Simvastatin 
(80 

mg/day) 

Myopathy and 

rhabdomyolysis, 

Heterozygote: 

OR=4.5; 
Homozygote: 

OR=16.9 

Prescription mostly limited 

to 40mg/daily.  
16 

Near IRF6, 

rs2205986 
17 (Finnish) - Interferon-β 

Liver injury, 
OR=8.3 (Mixed 

population) 

Further validation required 28 

HLA-
B*57:01 

9.3 (Sri 

Lanka), 2.7 

(Australian) 

- Abacavir 

Abacavir 

hypersensitivity 
syndrome, OR=960 

(Australian cohort) 

Testing required 209 

HLA-

B*58:01 

8.8 
(Mongolia), 

7.8 

(Chinese) 

- Allopurinol 

Severe cutaneous 
adverse reactions, 

OR=580 (Chinese 

cohort) 

Implementation promising 

for Asian countries and 
populations 

33 

HLA-
B*15:02 

7.3 

(Chinese), 
22% 

(Philippine) 

- 
Carbamaze
pine 

Stevens–Johnson 
syndrome and toxic 

epidermal 
necrolysis, 

OR=2504 (Chinese 

cohort) 

Testing required in Asian 
countries and populations 

31 

HLA-
A*31:01 

10.1 

(Mexican), 
2.3 

(German) 

- 
Carbamaze
pine 

Drug reaction with 
eosinophilia and 

systemic symptoms, 

OR=57.6 (European 
cohort) 

Testing recommended in 
some countries 

210 

HLA-

B*55:01 

1.4 

(European), 
3.8 

(Ashkenazi 

Jewish) 

- Penicillin 
Penicillin allergy, 

OR=1.3 (European) 
Implementation not likely 34 
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HLA-

DQA1*05 

20 

(European) 
- 

Infliximab 

and 

adalimuma

b 

Formation of 

antibodies that cause 

treatment resistance 

in patients with 

Crohn’s disease, 
HR=1.9 (European) 

Timely implementation not 

likely 
35 

Drug efficacy associations 

CYP2C9*2 
12.6 
(European) 

Reduced 

Warfarin 

Reduced 

inactivation of 
warfarin, *2: 

r2=3.8%; *3: r2=8% 

(Swedish) 

Implementation not likely 
211 

 
CYP2C9*3 

11.3 (South 

Asian), 5.6 

(European) 

Reduced 

CYP2C19*2 

32.4 (South 

Asian), 30.8 

(East Asian), 
18.3 

(European) 

Reduced Clopidogrel 

Reduced 
bioactivation of the 

prodrug, r2=12% 

(European) 

Implemented in some sites 11 

CYP2C19*1

7 

23.1 

(European), 

20.9 

(African), 

1.5 (East 
Asian) 

Increased 

Triple 

proton 

pump 

inhibitor–

clarithromy

cin–
amoxicillin 

therapy 

Increased 

inactivation to 5-
hydroxyomeprazole 

in 

H. pylori eradication 

therapy, Eradication 

72.7% in 

ultrarapid 
metabolizers and 

97.8% in poor 
metabolizers 

(Japanese) 

Implementation not likely 212 

CYP2D6*3 
4.1 

(European) 
Inactive 

Codeine 

Reduced effect from 
active metabolite 

(morphine), OR>7 

(European) 

Implementation not likely 213 CYP2D6*4 

19.6 

(European), 

18.2 
(Ashkenazi 

Jewish) 

Inactive 

CYP2D6*5 
6.5 (East 

Asian) 
Inactive 

VKORC1*2 
90 (East 

Asian) 
Reduced Warfarin 

Reduced levels of 

vitamin K 

dihydroquinone, 
thus decrease the 

carboxylation of 

coagulation factors, 
r2=28.3% (Swedish) 

Implementation not likely, 

also due to increased 

prevalence of direct oral 
anticoagulants 

211 

CFTR 

G551D 

2.5 
(African), 

2.1 

(European) 

Reduced Ivacaftor 

Improved lung 

function measured 

by forced expiratory 
volume in 1 second, 

Variant carriers 

recieving ivacaftor 
were 55% less likely 

to have a pulmonary 
exacerbation than 

receiving placebo 

(Mixed population) 

Testing required 25 
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Table 2: Overview of technological sequencing platforms. 

 

Sequencing 

generation 

Year 

developed 

Read 

length 

Technology 

base 
Adventage Disadvantage 

Sanger 

sequencing 

(First) 

1975 

400-

1200 

bp 

Chemical 

sequencing 

Accurate 

Cheap for profiling 

short target sequences 

(range of few kbs) in 

few samples 

Low throughput 

Time consuming 

Massive 

parallel 

sequencing 

(Second) 

2005 

50-600 

bp 

single-

end or 

paired-

end 

Sequencing by 

ligation, 

sequencing by 

synthesis 

High throughput 

Cost-effective for high 

number of targets 

Compatible with many 

analysis tools and 

pipelines 

Difficult in analyzing 

complex or repetitive 

loci 

Difficult in detecting 

structural variants 

Long read 

sequencing 

(Third) 

2011 >10 kb 

Fluorescent 

single-molecule 

real-time 

sequencing, 

nanopore 

sequencing 

Suitable for detecting 

structure variants 

No amplification bias 

High error rates 

Expensive 
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Table 3: Overview of publically available resources and databases that 

provide information regarding the occurrence and clinical implication of 

pharmacogenomic variations. 

Database Purpose Website 
The 
Pharmacogenomics 
knowledgebase 
(PharmGKB) 

Curated information about the role of genetic 
variation on drug response including pathways, very 
important pharmacogenes, variant annotations, 
clinical guideline annotation, drug label annotations, 
clinical annotations  

https://www.pharmgkb.org/ 

The Drug Gene 
Interaction 
Database (DGIdb) 

Website for gathering information on known drug-
gene interactions and the druggable genome 
extracted from over 30 reliable sources 

http://dgidb.com/ 

The side effect 
resource (SIDER 2) 

Web resource that contains information on marketed 
medicines and their recorded adverse drug effects 
extracted from public documents and package 
inserts. The information includes 1430 drugs, 5868 
side effects, 139756 drug-side effect pairs, and 39.9% 
pairs with frequency information. 

http://sideeffects.embl.de/ 

Search Tool for the 
Retrieval of 
Interacting 
Genes/Proteins 
(STRING) 

Database of known and predicted protein-protein 
interactions covering 24’584’628 proteins from 5090 
organisms.  

https://string-db.org/ 

Search tool for 
Interaction of 
Chemicals (STITCH) 

Database of known and predicted interactions 
between chemicals and proteins covering 9’643’763 
proteins from 2031 organisms.   

http://stitch.embl.de/ 

Comparative 
Toxicogenomics 
Database (CTD) 

Database that provides information about chemical-
gene/protein interactions, chemical-disease and 
gene-disease relationships.   

http://ctdbase.org/ 

Catalogue of 
Somatic Mutations 
in Cancer (COSMIC) 

A resource for somatic mutations in human cancer. https://cancer.sanger.ac.uk/c
osmic 

Genomics of Drug 
Sensitivity in 
Cancer 

Website for identifying drug response data and 
genomic markers of sensitivity covering 518 
compounds targeting 24 pathways. 

https://www.cancerrxgene.or
g/ 

Promiscuous Database for an exhaustive set of drugs annotated 
with drug-protein and protein-protein relationships 
compiled from public resources via text and data 
mining including manual curation. 

http://bioinformatics.charite.
de/promiscuous 

Pharmacogene 
Variation 
Consortium 
(PharmVar) 

Catalogue of genetic variations impacting drug 
metabolism, disposition and response. 

https://www.pharmvar.org/ 

The Transporter 
Classification 
Database (TCDB) 

A database that provides information about transport 
proteins from organisms of all types 

http://www.tcdb.org/ 

Pharmacogenetics 
of Absorption, 
Distribution, 
Metabolism, and 
Excretion genes  

A list of drug metabolizing (ADME) genetic 
biomarkers that are useful in drug development 

http://pharmaadme.org/joom
la/ 
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Figure legends. 

Figure 1: Integration of Next Generation Sequencing data into therapeutic 

decision-making. Conventional treatment incorporates clinical, demographic 

and other patient-specific data without however utilizing information about the 

patient’s genotype (left column). In contrast, pharmacogenetically-guided 

treatment incorporates genetic information to individualize the drug and dosing 

regimen (right column). To this end, the patient-specific variant profile is 

identified from whole exome or whole genome sequencing data (WES and WGS, 

respectively). Known variants are interpreted based on available guidelines, 

whereas rare and novel variations with unknown functional consequences are 

estimated using quantitative computational prediction algorithms specifically 

trained on pharmacogenomic data. Both known and unknown variants are then 

integrated into activity scores, which are further translated into individualized 

predictions of drug efficacy and their propensity to cause adverse drug reactions. 

Based on this information, individualized predictions of drug efficacy and their 

propensity to cause ADRs are derived, which is used as guidance for clinical 

treatment decisions, regarding choice of medication and dose. 
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