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In recent times, the progress of Clinical Pharmacogenetics has been remarkable. Its
implementation in the United States and Europe is gradually increasing. At the regulatory
level, agencies such as the American Food and Drug Administration (FDA) or the Euro-
pean Medicines Agency (EMA) already incorporate genotyping indications in drug labels
(e.g., siponimod-CYP2C9 or abacavir-HLA-B*57:01). In addition, other consortia, such as
the Clinical Pharmacogenetics Implementation Consortium (CPIC) or the Dutch Pharma-
cogenetics Working Group (DPWG), or national societies, such as the Spanish Society of
Pharmacogenetics and Pharmacogenomics (SEFF), develop pharmacogenetic clinical guide-
lines with prescribing recommendations based on patient’s genotype. The development of
these guidelines depends on the generation of pharmacogenetic evidence, which is collected
by these entities. Eventually, associations with a high level of evidence are used to support
dose adjustments or drug-change recommendations. The aim of this Special Issue was to
compile sound works from any field of pharmacology that would increase the pharmaco-
genetic knowledge of drugs without previous clinical validation (e.g., TYMS/ATIC/MTHFR
and methotrexate). Papers generating new and previously unpublished evidence were also
considered. A total of 19 original articles that consider traditional association studies in
clinical pharmacogenetics have been published, along with six systematic reviews and one
research article with a more in vitro methodology approach. Most original research was
published on cancer and neurodevelopmental and neurodegenerative disorders, followed
by cardiovascular and autoimmune and inflammatory diseases.

The use of fluoropyrimidines is clearly related to pharmacogenetic biomarkers. The
dihydropyrimidine dehydrogenase (DPD) enzyme, whose pharmacogenetic phenotype is
well determined by genetic variations, metabolizes fluoropyrimidines extensively. DPYD
decreased function or no function confers an intermediate or poor metabolizer phenotype.
Prospective genotyping of the DPYD gene and dose reduction in intermediate metabolizers
has proven to be beneficial for the patient and cost-effective, while these drugs may not be
used in poor metabolizers [1]. However, a percentage of patients without high-risk genetic
variants continue to experience fluoropyrimidine toxicity, both when administered in
monotherapy and in combination. It is not surprising, therefore, that two of the published
papers dealt with this issue. Novel variants in DPYD (rs367619008, rs200643089, and
rs76387818) were related to severe drug toxicity [2], thus they could be considered potential
biomarkers to test for the prescription of this family of drugs routinely and pre-emptively.
Interestingly, TYMS rs11280056 was related to an increased risk for the development
of neurotoxicity in FOLFIRINOX regimens [3]. This gene is part of the antimetabolite
way and is involved in the pharmacodynamics of not only fluoropyrimidines, but also
other cancer and immunomodulating drugs, such as methotrexate. TYMS inhibition by
fluorodeoxyuridine monophosphate (fluoropyrimidine metabolite) prevents the synthesis
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of deoxythymidine monophosphate (dTPM), an essential compound for DNA synthesis,
which causes cell death. TYMS rs11280056 was related to neurotoxicity occurrence. This
variant causes an indel of AAGTTA in the 3′UTR region of the TYMS gene which could
have an impact on protein function or expression, which could explain a pharmacodynamic
alteration. The higher incidence of an adverse drug reaction suggests the interaction is
more efficient when the deletion is present. Additional research is required to confirm the
clinical relevance of this interaction.

Two works evaluated pharmacogenetic biomarkers for drugs prescribed to treat dif-
ferent types of breast cancer. A polymorphism in the upstream region of the POLRMT
gene (rs62134260) was related to epirubicin-induced cardiac toxicity [4]. Furthermore,
FGFR1 copy number variations were related to drug response in HER2-positive breast
cancer patients treated with trastuzumab and/or pertuzumab [5]. Both associations are
novel and require confirmatory studies to consider their applicability in clinical practice.
Given the prevalence and relevance of breast cancer, the personalized and individualized
management of these patients may become a priority of our healthcare systems in the
close future.

Hematopoietic stem cell transplantation is indicated for a variety of blood cancers,
including different types of leukemia and myeloproliferative neoplasms among others.
Drugs such as busulfan, a member of alkylating agents, may be used to prepare the patients
who are going to receive hematopoietic stem cell transplantation. In patients undergoing
hematopoietic stem-cell transplantation treated with busulfan, GSTA1*B promoter haplo-
type (defined by rs3957357 and rs3957356) was related to exposure variability [6]. This gene
encodes for glutathione s-transferase (GST) A1 (GSTA1) isoform, the predominant GST
isoform catalyzing busulfan metabolism (https://www.pharmgkb.org/pathway/PA16537
4494). The impact of GSTA1 rs3957357 on busulfan metabolism was studied previously [7]
but not as part of a haplotype, where the A allele was related to an increased drug clearance.
In the work by Nguyen et al. [7], GSTA1*B promoter haplotype, which contains a T (A)
nucleotide at position rs3957357, was related to a higher half-life, which corresponds to a
lower clearance, which seems to contrast previous works. Additional research is warranted
for the proper structural characterization of GSTA1 genes and the impact of gene alleles on
busulfan exposure and clinical outcomes. Finally, a comprehensive systematic review by
Pinto-Merino et al. [8] was published, providing insights on the role of pharmacogenetics
in the treatment of acute myeloid leukemia.

Continuing in the line of transplantation, several original research papers and reviews
on the pharmacogenetics of tacrolimus were accepted in this Special Issue. As more novel
associations, MTHFR rs1801133 in the donor and MTHFR rs1801131 in the recipient were
related to survival rate variations in a 12-year follow-up period [9]. This gene is considered a
very important pharmacogene (VIP) related to methotrexate toxicity. However, no clinically
implementable information has been published to date. In fact, a recent DPWG guideline
reiterated that there is no gene–drug interaction between MTHFR and methotrexate [10].
Moreover, in another systematic review on the pharmacogenetics of tacrolimus, authored
by Lee et al., POR*28 was related to lower tacrolimus standardized concentrations [11].
However, to our knowledge, these pharmacogenes have not been structurally curated
systematically to date (e.g., by institutions such as PharmVar). Additional research is
required to characterize these genes, as clinical recommendations should be based on
alleles (and the pharmacogenetic phenotype when available) rather than on individual
variants. Finally, a traditional review authored by Brunet and Pastor-Anglada [12] provided
a summary of currently available information regarding the influence of pharmacogenetics
on the clinical outcome of patients treated with tacrolimus, where the role of CYP3A5
phenotype, tacrolimus trough levels and transporter genotypes is discussed.

Four works were accepted concerning neurodegenerative and neurodevelopmental
disorders. Starting with the first type of disorders, ABCB1 rs1045642, ABCC2 rs2273697,
and SLC22A1 rs34059508 were related to variability in the exposure to rasagiline, a drug
used for the management of patients with Parkinson’s disease (PD) [13]. To date, no phar-
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macogenetic biomarker has been proposed for rasagiline or any other drug prescribed for
the treatment of this disease. Further research is warranted in this line so that a precision
and personalized therapeutic approach can be offered to PD patients. Concerning neu-
rodevelopmental disorders, COMT rs13306278, ABCG2 rs2231142, CYP2B6, and CYP3A5
phenotypes were related to quetiapine exposure variability [14]; NPY5R rs11100494 was
related to antipsychotic-induced weight gain. Antipsychotic drugs are prescribed for a
variety of neurodevelopmental disorders, such as schizophrenia or bipolar disorder. A
vast amount of works have been published to date [15–17], and some clinically relevant
biomarkers are known (e.g., CYP3A4-quetiapine gene-drug interaction [18] or CYP2D6-
aripiprazole [19]) for the personalized use of antipsychotic drugs. However, well-designed
clinical trials or implementation studies are required to confirm the usefulness of most
pharmacogenetic biomarkers described to date. In this line, Arranz et al. published an
interesting implementation study where a pharmacogenetic intervention (prospective geno-
typing of CYP1A2, CYP2C19, CYP2D6, and SLC6A4) improved the clinical outcomes of
treatment-resistant autistic spectrum disorder patients [20]. This confirms that not only is it
important to generate new evidence and describe associations, but also to confirm their
usefulness in routine practice.

Statins are prescribed for the treatment of hypercholesterolemia to reduce cardio-
vascular risk, and several pharmacogenetic biomarkers are well known to impact drug
tolerability (i.e., SLCO1B1, ABCG2, and CYP2C9) [21]. Dagli-Hernandez et al. [22] ob-
served a relationship between ABCC1 rs45511401 and statins response in patients with
familial hypercholesterolemia. Interestingly, Song et al. systematic review confirmed the
association between ABCG2 421C>A (rs2231142) and rosuvastatin exposure [23]. Related
to the cardiovascular system, two works evaluated direct oral anticoagulants (DOACs)
tolerability. AGT rs5050 and ACE rs4353 were related to bleeding events [24], and so were
ABCB1 rs3842 and APOB rs13306198 [25]. Although DOACs improved the tolerability of
vitamin K antagonists (such as warfarin acenocoumarin), pharmacogenetic biomarkers
would potentially help reduce the incidence of bleeding/ischemic events in patients treated
with this family of drugs.

Concerning autoimmune and inflammatory diseases, Chernov et al. observed a rela-
tionship between ABCB1 rs1045642, rs1128503, and rs2032582 and cyclosporine response
in patients with psoriasis [26]. Furthermore, Sainz et al. observed a relationship between
IL6R rs4845625 and tocilizumab response in patients with rheumatoid arthritis [27]. In
relation to the latter disease, Madrid-Paredes et al. [28] reviewed the genetic, epigenetic, and
environmental factors related to the response of disease-modifying antirheumatic drugs.

For the treatment of postoperative pain, C3orf20 rs12496846 was related to analgesic
requirements (including opioids) [29]. Several pharmacogenetic guidelines are available
for drugs used to manage pain, including nonsteroidal anti-inflammatory drugs [30] or
opioids [31], which help reduce the risk for ADRs and ensure an effective pain control.
Moreover, a systematic review on the pharmacogenetics of pain treatment with NSAIDs
and antidepressants was published, authored by Zobdeh et al. [32].

Three additional associations were established: ARMS2 rs10490924 and CFH rs1061170
were associated with ranibizumab response in patients with high myopia [33]; several
variants in FDPS and FNTA were related to bisphosphonates response and in CYP19A1
and PDSS1 to selective estrogen receptor modulators (SERM) response in patients with
osteoporosis [34]; finally, ADCY9 rs879619, rs1042719, rs2531995, and PDE4B rs598961
were related to time to delivery variability in patients suffering preterm labor treated with
ritodrine [35]. All the latter associations are rather novel and require confirmatory studies.

Finally, one study with a more in vitro methodology was accepted for publication,
evaluating the impact of genetic variants and mRNA on CYP1A2 function. Consistent
with our association study with rasagiline [13], CYP1A2 variants showed no relationship
with CYP1A2 activity. This shows that the current definition of CYP1A2 alleles is probably
incorrect, and that priority should be given to the structural characterization of this gene.
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The proper characterization of pharmacogenes is a vital methodological step to later
perform observational studies.
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