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Abstract

The association of an individual’s genetic makeup with their response to
drugsisreferred to as pharmacogenomics. By understanding the relationship
between genetic variants and drug efficacy or toxicity, we are able to optimize
pharmacological therapy according to an individual’s genotype. Pharma-
cogenomics research has historically suffered from bias and underrepresen-
tation of people from certain ancestry groups and of the female sex. These bi-
ases can arise from factors such as drugs and indications studied, selection of
study participants, and methods used to collect and analyze data. To examine
the representation of biogeographical populations in pharmacogenomic data
sets, we describe individuals involved in gene-drug response studies from
PharmGKB, a leading repository of drug-gene annotations, and showcase
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CYP2D6, a gene that metabolizes approximately 25% of all prescribed drugs. We also show how
the historical underrepresentation of females in clinical trials has led to significantly more adverse
drug reactions in females than in males.

INTRODUCTION

Our understanding of how genetic variants influence drug response has been revolutionized since
the release of the human genome project (1). Understanding the genetic composition of indi-
viduals has improved our ability to identify beneficial effects of pharmacological treatments as
well as harms related to drug addiction, drug dependence or resistance, and adverse drug reac-
tions (ADRs) across entire populations. Predictions of drug reactions and their expected effect
have produced important benefits for well-characterized drugs such as those metabolized by cy-
tochrome P450 genes (e.g., CYP2D6) (2—4) and anticoagulant drugs such as warfarin (5-7), among
many others (8-10).

Despite these incontrovertible advances, our ability to translate pharmacogenomic knowledge
into clinical benefit remains inequitable for certain population groups, due to a lack of data sets
representing their genetic variation. In terms of sex, females have historically been underrepre-
sented in clinical trials (11-13), meaning that if a drug is tested primarily on males, its effectiveness
and safety in females may not be fully understood. This lack of representation for certain groups
is a systemic problem affecting not only pharmacogenomics but also genome medicine as a whole,
as illustrated by some seminal studies (14, 15).

The first systematic investigation into population biogeographical diversity for genetic studies
was published in 2009 (14) and revealed that 96% of participants of all genome-wide association
studies (GWASs) existing at that time were of European descent. A similar analysis was replicated
in 2016 by Popejoy & Fullerton (16), showing that the representation of non-European participant
data from across the globe for GWASs was far from equitable. While Europeans represent only
16% of the global population today, around 78% of data used in GWASs originate from people
of European descent. Recent studies have shown that in spite of several calls for more diversity in
genomics studies, the gap continues to widen (17-20).

Significant disparities in biogeographical representation of genomic data sources have in-
creasingly triggered international efforts to ensure the benefits of genomic science reach all
populations, regardless of ancestry or sex. Greater representation of diverse populations not only
is of interest for the underrepresented individuals themselves but also is paramount for uncovering
true causal associations between genotype and phenotype, which currently may be confounded by
effects such as linkage disequilibrium, where DNA markers occur together more often than can be
accounted for by chance because of their physical proximity on a chromosome. The equitable rep-
resentation of individuals in genomic studies is therefore a question not only of moral imperative
but of scientific progress.

Although the lack of data from underrepresented populations has been assessed for GWASs,
the extent to which this bias also affects pharmacogenomic data sources remains unknown. There
is evidence of dosage algorithms being less accurate for underrepresented populations (21, 22),
reflecting participant selection biases in public reference databases. Concurring with previous
studies on genetic diversity, we hypothesize that the number of individuals in pharmacogenomic
study resources is a proxy for the performance of dosage algorithms in that particular population
subgroup.
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QUANTIFYING BIOGEOGRAPHICAL BIAS IN PUBLIC DATA SOURCES

In order to establish the degree of bias in publicly available data sources, we downloaded the
full contents of PharmGKB (23, 24).! PharmGKB is a leading resource that aggregates, curates,
and integrates data on pharmacogenomics. PharmGKB constitutes a catalog of genetic variants
affecting drug responses. Using PharmGKB as a reference, we are able to relate the number of
individuals (cases) from different biogeographical regions associated with drug response annota-
tions. The biogeographical groups reported in PharmGKB are based on a standardized system for
annotating populations in pharmacogenetic research (25).

As of December 2022, PharmGKB had 11,198 variant drug annotations. When analyzing the
biogeographical groups of the studies from which drug annotations were derived, heterogeneity
was found. In total, we counted 509 different biogeographical groups, the vast majority of which
consisted of combinations of multiple ancestry groups, which were difficult to categorize. The
number of individuals in unclassified groups amounted to a total of 2,509,439 (49.78% of the
total number of cases reported for all collected studies within PharmGKB). Heterogeneous
groups, where discrete biogeographical groups could not be assessed, were discarded. We cannot
rule out that this heterogeneity in annotation of biogeographical groups could lead to a selection
bias, which therefore should be acknowledged as potential limitation. The way in which study
data are reported by PharmGKB also does not allow us to identify the origin of the studies
from which these data are generated. Therefore, the description of biogeographical groups is
limited to the number of cases described for each study according to PharmGKB’s annotation.
The biogeographical groups for which we could assign unequivocal study cases amounted to
2,531,125 individuals (50.22% of all individuals in the collated PharmGKB studies; Figure 1).
These individuals were assigned to the following biogeographical groups: European, East Asian,
Central/South Asian, African American or Afro-Caribbean, Latino, sub-Saharan African, Near
Eastern, or American. We found that 63.56% (1,608,723) of these individuals were of European
origin, and 28.05% were East Asian (710,073). From the rest, 3.66% were African (sub-Saharan,
African American, Afro-Caribbean), 1.55% were Latinos, and 0.1% were indigenous Americans.
These proportions appear to be consistent with the findings reported by Popejoy & Fullerton
(16), who calculated 3%, 0.54%, and 0.05% of GWAS subjects as being of African, Latino, and
indigenous/native descent, respectively. The tendency of an increased representation of East
Asians is mirrored in our results, doubling from the 14% observed by Popejoy & Fullerton to
28% in our data set. Similarly, other underrepresented populations had no greater presence than
in GWASs. Another limitation of this analysis is that it does not account for the resampling of
data sets across independent studies, and it is likely that the cohorts used in publicly available
pharmacogenomics studies have been used multiple times. This effect of double counting with
current data sets is impossible to estimate, as individual genotype data are anonymized.

The total number of studies (calculated as distinct PubMed IDs) that have been reported so far
in PharmGKB amounts to 3,682, involving 1,085 genes and 889 drugs or combinations thereof.
In order to assess the implications of pharmacogenomic biases due to the lack of biogeographical
representation, we focus our attention on CYP2D6 and also include warfarin as an example of the
issues.

GENOMIC DIVERSITY OF CYP2D6

CYP2D6 is a highly polymorphic gene commonly involved in ADRs. The resulting encoded en-
zyme performs differently depending on the type of variants that it harbors, significantly affecting

I'The data source and the code developed to analyze the data are available under a Massachusetts Institute of
Technology license and can be accessed here: https://github.com/manuelcorpas/13-PGX-REPO.
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Figure 1

Breakdown of biogeographical groups from PharmGKB studies whose source cohorts have been classified.
We found that 63.56% (1,608,723) of these individuals were of European origin, and 28.05% were East
Asian (710,073). From the rest, 3.66% were African (sub-Saharan, African American, Afro-Caribbean),
1.55% were Latinos, 0.93% were Near Eastern, and 0.1% were indigenous Americans.

its ability to metabolize prescribed drugs. CYP2D6 is a very important gene for pharmacoge-
nomics, metabolizing up to 25% of currently prescribed drugs (26), which include antipsychotic
drugs, antarrhythmic agents, tricyclic antidepressants, f-adrenergic receptor antagonists, opioids,
and the estrogen receptor antagonist tamoxifen.

The pharmacogenomic effects of CYP2D6 result in a lack of therapeutic effect or an ADR due
to fast metabolization of precursors into the active form. For instance, codeine, a drug metab-
olized by CYP2D6, is regularly prescribed to manage pain crises from sickle cell disease (27), a
disease that is overrepresented among Africans. When administered to the patient, codeine con-
verts differently depending on metabolizer status, which is determined by variations in CYP2D6.
This process leads to significant health impacts as a result. Table 1 (adapted from 28) shows the
different effects that metabolizer status may confer to a patient administered with codeine.

In order to predict codeine drug reactions, it is first necessary to identify the individual’s haplo-
type (group of alleles that tend to occur together). A haplotype is inherited from each parent, and
in order to distinguish one combination of variants from another, the numbering system of star
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Table 1 Different impacts of the metabolizer status of an individual for the drug codeine

Metabolizer Amount of codeine Impact on the
status converted to morphine patient/recommendations Frequency (reference)
Poor Low (10%) Insufficient pain relief, change 5-10% of Europeans patients, although
medication it is believed that this is reduced in
African patients
Intermediate Reduced Use label-recommended dose; if not | 2-11% of European patients
effective, change medication 20-28% of African patients (29)
Extensive Normal Use label-recommended dosing 77-92% of European patients
~50% of African patients (30)
Ultrarapid High (40-51%) Potential for morphine toxicity, 28% of North Africans, Ethiopians, and
which can translate into fatal Arabs
concentrations in breast milk; 10% of Caucasians, 3% of African
change medication Americans (31)

Table adapted from Reference 28.

alleles is used. An expression of a haplotype in a gene may be called *2 (normal function). Another
combination may be called *3 (no function). Whenever genetic testing is performed, the results
are noted as two numbers, each one representing a combination of variants in that gene. This
haplotype representation is denoted as the two-star allele separated by a slash in the middle (e.g.,
*2/*3; intermediate metabolizer). Depending on the haplotype a person has, different metabolizer
status can be inferred. Haplotype frequencies vary significantly among different biogeographical
groups. Table 2 shows a biogeographical breakdown of the differing frequency of haplotypes by
biogeographical group for the CYP2D6 gene (32).

In a study by Twesigomwe et al. (33), it was found that for 961 individuals of sub-Saharan
African ancestry studied with high-depth whole-genome analysis, more than 5% carried novel
(unidentified to date) alleles within this gene. This study also emphasized the need for not just
considering one single African population as a general proxy for another when developing phar-
macogenomic therapeutics. Greater diversity in CYP2D6 has been demonstrated in Africa versus
Europe or Asia, and alleles that are uniquely African have been identified that can alter drug
metabolizer status (34).

We have shown how CYP2D6 haplotype frequencies vary according to population ances-
tries, with different ancestries displaying more diverse haplotypes, conditioning optimal dosage
level for drug administration. Understudied populations with more diverse haplotype frequen-
cies are therefore more likely to be affected by imprecision when applying pharmacogenomic
annotations to dosage administration. Therefore, pharmacogenomics can differ across different
ancestral groups, with significant impact on drug efficacy and safety (35-37). However, unequal
representation of biogeographical regions is not the only urgent bias to address.

GENOMIC DIVERSITY OF WARFARIN

Warfarin has remained the most commonly prescribed vitamin K oral anticoagulant worldwide
since its approval in 1954 (38). Warfarin is prescribed to prevent blood clots, stroke, and heart
attacks with genetic variations in CYP2C9 and VKORC]I encoding for the enzymes that metab-
olize and activate it (38). Such variations can affect drug response, leading to variations in drug
efficacy and safety, with genetic ancestry playing a determinant role in the diversity of warfarin
pharmacology. For example, individuals of African descent may have a higher prevalence of
CYP2C9 and VKORCI genetic variants associated with increased warfarin sensitivity (39). In
particular, African Americans have been found to be more likely to carry variants of these genes
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Table 2 Allele frequencies of the first 20 CYP2D6 haplotypes broken down by biogeographical group

African Middle South/
African | American | European Eastern East Asian Central Americas | Oceanian
CYP2D6 allele allele allele allele allele Asian allele allele allele
Allele frequency | frequency | frequency | frequency | frequency | frequency | frequency | frequency

*1 32.377 33.631 37.123 40.724 35.585 48.930 50.518 73.000
*2 19.671 15.608 26.833 21.718 12.664 28.845 22.732 1.200
*3 0.031 0.278 1.364 0.083 0.001 0.025 0.603 0.180
*4 3.344 6.387 18.174 7.800 0.648 7.873 10.764 2.480
*5 6.241 6.375 2.829 2.336 5.170 3.286 2.107 4.320
*6 <0.001 0.216 0.960 0.576 0.015 <0.001 0.335 <0.001
*7 <0.001 <0.001 0.094 <0.001 0.001 ND <0.001 <0.001
*8 <0.001 <0.001 0.022 <0.001 <0.001 ND 0.055 <0.001
*9 0.080 0.428 1.997 <0.001 0.167 0.757 1.113 <0.001
*10 6.615 4.067 2.780 3.490 42.430 17.357 2.566 2.500
*11 <0.001 <0.001 0.013 <0.001 <0.001 ND <0.001 <0.001
*12 <0.001 0.080 0.008 <0.001 <0.001 ND 2.100 ND
*13 0.510 <0.001 0.187 ND <0.001 ND ND 0.400
*14 0.170 <0.001 <0.001 0.150 0.752 <0.001 0.293 <0.001
*15 <0.001 <0.001 0.005 ND <0.001 ND 0.503 <0.001
*17 19.946 18.138 0.312 1.583 0.010 0.136 2.480 0.050
*18 <0.001 <0.001 <0.001 <0.001 0.074 ND <0.001 ND
*19 <0.001 <0.001 0.013 <0.001 <0.001 ND 0.273 <0.001
*20 <0.001 <0.001 <0.001 <0.001 <0.001 ND <0.001 <0.001

Abbreviation: ND, no data. Data from the Clinical Pharmacogenetics Implementation Consortium (32).

1.6

that result in decreased metabolism of warfarin and increased sensitivity to its effects, requiring
higher doses to achieve therapeutic benefit (40). On the other hand, individuals of East Asian
descent may have a higher prevalence of genetic variants associated with decreased warfarin
sensitivity (41). It is also suggested that diverse populations such as African Americans, Latinos,
and South Asians have different variability in warfarin dosage requirements and a higher risk for
warfarin-related adverse events compared to Europeans (42).

The implications of these different dose requirements are therefore significant in clinical care,
where overdosing can lead to serious bleeding events, while underdosing can result in inadequate
anticoagulation and an increased risk of blood clots. Therefore, determining the appropriate dose
of warfarin for an individual patient is crucial to ensure optimal treatment outcomes. Despite this
influence in treatment outcomes, most of the studied dosing algorithms and phenotype-genotype
relationships still continue to be most specific for Europeans or East Asians (43).

GENDER AND SEX IN PHARMACOGENOMIC STUDIES

Sex (the biological concept) and gender (the social construct) play significant roles in health
and health behaviors. Studies have found differential drug efficacy and safety profiles for males
and females, from cholesterol-lowering proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors (44) to therapies for chronic pain management (45) and mental health (46). Moreover,
changing hormonal levels in postmenopausal women can alter biological processes in the body, a
fact not often considered in the design of studies examining drug efficacy or safety over a woman’s
life course.

Corpas et al.
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Post hoc genomic analyses of drug efficacy and safety using randomized controlled trials have
become increasingly popular. Pharmaceutical companies see the value in gathering genotypic
data on trial participants to better understand the underlying genetic factors that may impact
the efficacy and safety of new therapies. This approach has paid rich dividends as scientists in
academia and industry are now able to collaborate in large-scale pharmacogenomic studies using
high-quality randomized control trial (RCT) data, paving the way for precision medicine (47).

Unfortunately, the representation of women in RCTs is not always equitable and is often
skewed in relation to their comparative risk of diseases. For example, in 192 clinical trials of
individuals with chronic kidney disease, only 45% of trial participants were women, whereas
women are 33% more likely than men to suffer from chronic kidney disease (48). This mis-
match in participant-to-prevalence ratios is particularly steep for women of child-bearing ages,
who are often explicitly excluded from RCTs for safety reasons. Disentangling the roles of genet-
ics, biology, and environmental effects in this subgroup of women is therefore more challenging,
and researchers must then rely on the availability of observational data resources to conduct
postauthorization safety studies.

An example in pharmacogenomics where biological sex appears to modify the association of
genetic factors on drug efficacy is the PCSK9-R46L variant. PCSK9 is a potent natural regulator
of plasma low-density lipoprotein cholesterol (LDL-C) levels. Levels of PCSK9 have been found
to be higher in premenopausal women than they are in men and postmenopausal women (49, 50).
Pharmacological inhibition of PCSK9 has shown efficacy in reducing LDL-C levels and therefore
the risk of major adverse coronary outcomes (51). However, recent trials and large observational
studies have shown that inhibition using the agent evolocumab achieves stronger inhibition in men
compared to women (45, 52). In certain trials of drug efficacy, fewer women were able to achieve
target LDL-C levels as compared to men. A meta-analysis of real-world data settings confirms
this finding, with only 25% of women achieving target reductions in LDL-C levels compared to
50% of men (53).

GENDER BIAS IN ADVERSE DRUG REACTIONS

Women experience ADRs nearly twice as often as men, yet the roles of gender and sex as biological
and social factors that may increase the risk ADRs are poorly understood (54). Trials do not always
report efficacy stratified by gender or sex, and even less frequently for adverse events or safety
outcomes (55). Across the globe, there is a combination of cultural and societal reasons why women
and men approach health care differently and might be more or less likely to report adverse events
to therapies (56).

An example is CYP2D6 genotype—determined phenotypes and the observed difference in rates
of ADRs for opioid users across sexes. According to a study undertaken using the Mayo Clinic
Biobank, CYP2D6 ultrarapid metabolizers are at a significantly greater risk of ADRs, including
nausea, rash, and constipation, in response to opioid therapy (57). While there was no difference
in drug efficacy (i.e., pain management) in the 2,877 opioid users examined, women were more
likely than men to suffer from an ADR (p = 0.002). Among women, those who were ultrarapid or
rapid metabolizers had a greater risk of ADRs compared to poor metabolizers, but this trend was
not observed among men. There are hypothesized differences in CYP2D6 activity between men
and women, with pregnancy-induced changes in liver tissue uncovering potential mechanisms
(58). However, it is apparent that more research into both the mechanism and extent of this effect
is necessary. For example, do these effects observed in women abate after menopause, and are there
observable differences in the extent of pain management?

Capturing information on effects of therapies, including ADRs, is challenging when using
observational data resources. For example, in the long-term management of chronic pain using
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opioids, women experience a 50-70% increased risk of ADRs compared to men (54). Certain ad-
verse physical and mental health effects of long-term pain management, such as morphine-induced
respiratory depression (57, 58), poor self-image, and increased nausea and vomiting, are observed
more frequently in women (59, 60). At the same time, there are genes with known effects on
opioid metabolism such as COMT and OPRM 1. Indeed, sex modifies the effect of variants in these
genes on known ADRs, where males and females with the risk genotypes in OPRMI and COMT
experience different ADRs at significantly different rates (45).

Most drugs withdrawn from the market increased health risks for women (45, 61, 62), which
is consistent with the poor representation of women in the trials that led to the approval and use
of these drugs. Women represent only 38% of participants in drug efficacy and pharmacokinetic
studies (46). Due to greater life expectancy in many regions of the world, women often comprise
a higher proportion of the elderly population and are more likely to require polypharmacy and
suffer the associated health risks and increased health-care burden. Therefore, the underrepresen-
tation of women in clinical and research studies poses a grave challenge in developing appropriate
clinical guidelines. Gender- and sex-stratified approaches would be the logical first step in apply-
ing precision medicine to pharmacogenomics, given the known impacts of sex and gender on the
efficacy and safety of drugs, health-care interactions, and behaviors.

STEPS TOWARD ADDRESSING ANCESTRY AND SEX BIAS
IN PHARMACOGENOMICS

Addressing ancestry and sex biases is crucial to ensuring that pharmacogenomic research is effec-
tive and equitable for all people. A concerted effort to include diverse populations is required. This
includes people from different ancestral backgrounds as well as both men and women. Moreover,
it is also important to avoid language that reinforces stereotypes or biases. For example, using
terms such as Caucasian or Oriental can be outdated and offensive. Instead, the use of more neu-
tral terms such as European or East Asian can help. Similarly, using inclusive language to describe
gender is important.

In addition to genetics, social factors can also play a role in drug responses. For example, in-
dividuals with lower socioeconomic status may not be prescribed medications that are tailored to
their genetics. Furthermore, some cultures may view genetic testing as invasive and unnecessary,
which could lead to less willingness to participate in clinical trials involving pharmacogenomic
testing. It is therefore crucial that these social factors be considered when designing studies (63).
This can be achieved by engaging with communities to understand their experiences and concerns
to build trust and ensure that research is relevant and impactful. Work with community groups is
also necessary to identify research questions and study designs that are sensitive to cultural beliefs
and practices.

Assuming that biases in data representation are addressed, widespread implementation of
pharmacogenomics will still require numerous barriers to be overcome. The fact that many
health-care providers are not familiar with pharmacogenomics and may not be aware of its
potential benefits poses a significant barrier as well. For private and public health systems, the
implementation of pharmacogenomics not only may be an expensive procedure to implement
but also might lead to new inequalities for those patients with fewer resources who might not be
able to afford it. Moreover, even if implementation is afforded, there is the challenge of standard-
ization of testing. A myriad of procedures and technologies are available for implementation of
pharmacogenomics in many labs. These labs may have different requirements and constraints in
terms of which genotyping methods to apply. What to apply and what not remain in a state of flux,
not least because of the evolving landscape of possible tests and results derived from them. All of
this adds uncertainty in terms of how to comply with regulations related to pharmacogenomic

Corpas et al.
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Table 3 Recommendations for addressing pharmacogenomics biases in ancestry and sex

Recommendation What it means in practice

Increase awareness and education Educate health-care providers on existence of ancestry and sex biases in
pharmacogenomics

Eliminate cultural biases (e.g., stereotypical language)

Equalize study design biases (e.g., develop studies that include pregnant women)

Provide more equitable financial support Avoid discrimination of less-resourced groups

Develop standards for pharmacogenomics | Develop a minimum set of requirements for equality, diversity, and inclusion when
implementation testing patients

Reduce technology biases (e.g., avoid genetic tests with overrepresentation of
European-centric variants)

Address regulatory uncertainty Reduce uncertainty in terms of how to best comply with regulation related to
pharmacogenomic testing (e.g., what technologies to adopt, what quality controls
should be necessary)

Augment evidence base Include more diverse ancestral and sex data sets for more pharmacogenomically
relevant drug targets

Facilitate integration into clinical Reduce barriers to clinical adoption by providing relevant infrastructure, resources,

workflows training, and support

Increase transparency Share data and results openly with the public and obtain informed consent from
participants

testing. Regulations for the implementation of testing may be further impaired by a lack of
infrastructure, resources, or training to support the integration of pharmacogenomic testing into
clinical care. For all of the above reasons, implementing ethical and transparent policies from the
outset of research is fundamental (64). Policies may include sharing data and results openly with
the public, obtaining informed consent from participants, and ensuring that study designs do not
perpetuate biases or stigmatize particular groups.

In Table 3, we offer a set of recommendations for addressing pharmacogenomics biases in
ancestry and sex.

CONCLUSION

Pharmacogenomics is a powerful tool for achieving precision medicine. Its applications have the
power to help improve drug efficacy and avoid ADRs. Such tailor-made pharmacological strate-
gies have the potential to provide personalized tools for titrating the right dose of the right drug
to the right patient. We have shown that, to date, most of the data from which pharmacogenomics
knowledge is derived are based on European and East Asian males. We observed that traditionally
underrepresented biogeographical groups such as Africans, Latinos, and South/Central Asians
continue to encompass a minimal fraction of existing pharmacogenomic data sets, in line with
the already characterized GWAS data set biases. In this review, we have showcased the pharma-
cogenomics of CYP2D6, the gene that metabolizes the greatest proportion of prescribed drugs.
Furthermore, women, who have historically been underrepresented in clinical trials, may present
diseases differently than men, leading to gender bias in pharmacogenomics research. With the
help of regulatory organizations, it is possible to establish and follow recommendations for how
to prescribe different drugs, but it is still required that recommendations embrace the intricacies
of existing biases, which have relatively neglected sex- and ancestry-specific genetic differences,
resulting in suboptimal pharmacological treatments for these groups. By addressing ancestry and
sex bias in pharmacogenomics research, we can improve the accuracy and effectiveness of drug
therapies and ensure that all patients receive the best possible care.
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