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Abstract
The evolution of evidence and availability of Clinical Pharmacogenetic Implementation 
Consortium (CPIC) guidelines have enabled assessment of pharmacogenetic (PGx) 
actionability and clinical implementation. However, population- level actionability is 
not well- characterized. We leveraged the Alabama Genomic Health Initiative (AGHI) 
to evaluate population- level PGx actionability. Participants (>18 years), representing 
all 67 Alabama counties, were genotyped using the Illumina Global Screening array. 
Using CPIC guidelines, actionability was evaluated using (1) genotype data and ge-
netic ancestry, (2) prescribing data, and (3) combined genotype and medication data. 
Of 6,331 participants, 4230 had genotype data and 3386 had genotype and prescrip-
tion data (76% women; 76% White/18% Black [self- reported]). Genetic ancestry was 
concordant with self- reported race. For CPIC level A genes, 98.6% had an action-
able genotype (99.4% Blacks/African; 98.5% White/European). With the exception 
of DPYD and CYP2C19, the prevalence of actionable genotypes by gene differed 
significantly by race. Based on prescribing, actionability was highest for CYP2D6 
(70.9%), G6PD (54.1%), CYP2C19 (53.5%), and CYP2C9 (47.5%). Among partici-
pants prescribed atenolol, carvedilol, or metoprolol, ~ 50% had an actionable ADRB1 
genotype, associated with decreased therapeutic response, with higher actionability 
among Blacks compared to Whites (62.5% vs. 47.4%; p < 0.0001). Based on both 
genotype and prescribing frequencies, no significant differences in actionability were 
observed between men and women. This statewide effort highlights PGx population- 
level impact to help optimize pharmacotherapy. Almost all Alabamians harbor an 
actionable genotype, and a significant proportion are prescribed affected medications. 
Statewide efforts, such as AGHI, lay the foundation for translational research and 
evaluate “real- world” outcomes of PGx.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Genotype- guided prescribing can improve medication- related outcomes. Although 
medications with pharmacogenetic (PGx) recommendations are commonly pre-
scribed in acute settings, population- level actionability is not well- characterized.
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INTRODUCTION

Medications, the most common modality for treatment of 
disease, account for over $330 billion of annual healthcare 
costs.1– 3 However, despite the use of patient- specific fac-
tors (e.g., age, renal/hepatic function, etc.) to tailor ther-
apy, drug response remains highly variable. The spectrum 
of drug response ranges from lack of efficacy to toxicity, 
both of which are common occurences.4– 6 Although ad-
verse drug reactions (ADRs) contribute significantly to the 
burden and costs of medication therapy,7,8 lack of thera-
peutic benefit also increases healthcare costs and resource 
utilization, and is common across disease states and drug 
classes.9– 16

Differences in efficacy and susceptibility to ADRs by 
race and gender are recognized. For example, Blacks are 
more susceptible to certain ADRs, such as angiotensin con-
verting enzyme (ACE) inhibitor- induced angioedema and 
cough, thrombolytic- associated intracranial hemorrhage,17 
drug- induced liver injury,18 and antipsychotic- associated 
adverse effects.19 Furthermore, differences in first- line 
recommended antihypertensive therapy, increased occur-
rence of treatment- resistant hypertension,20 and reduced 
efficacy of antihypertensive therapy21 in Blacks, have also 
been noted. Similarly, women are approximately two times 
more likely to experience, and be hospitalized for, an ADR 
compared to men.22,23 Specifically, premenopausal women 
report more ADRs than men, although men typically ex-
perience more severe and fatal ADRs.24 Similar to Blacks, 
women have also been reported to have a higher risk of 
ACE- inhibitor associated ADRs.25 Recent assessments of 
gender- related differences in ADRs found that 88% (76/86) 
of the drugs evaluated displayed higher pharmacokinetic 
(PK) parameters in women, independent of weight.26 

Furthermore, reduced efficacy due to higher clearance, 
higher plasma concentrations due to reduced clearance, 
and more ADRs despite comparable plasma concentrations 
have been noted for women.27

Incorporating pharmacogenetic (PGx) information into 
clinical decisions has been shown to improve outcomes in 
a cost effective manner.28,29 Whereas clinical trials leading 
to the approval of many medications have lacked racial di-
versity.30,31 PGX researchers, recognizing differences in 
underlying genetic architecture, have worked to understand 
genetic influences that lead to differential medication effects 
by race/ancestry.32– 35 Although further work is still needed, 
these efforts have identified variants unique to individuals 
of African ancestry (e.g., DPYD),36 genes with differential 
effects by race (e.g., CYP2C/CYP4F2 and warfarin),37 and 
genes that may be more important by gender due to being 
located on the X chromosome (e.g., G6PD).38 The Clinical 
Pharmacogenetics Implementation Consortium (CPIC) leads 
efforts to enable translation of PGx associations into clinical 
practice through the development and dissemination of gene/
drug clinical practice guidelines.39 Gene/drug pairs classi-
fied as CPIC level A or B have a recommended prescribing 
action and are likely to be actionable. Although much work 
has been done evaluating CPIC actionability, most efforts 
have focused on academic health systems.40,41 Population- 
level PGx actionability combining genetic and medication 
data, and differences in actionability by race and gender have 
not been evaluated. Herein, we evaluate exposure to medi-
cations with high- level evidence of PGx actionability, iden-
tify genes with differential medication exposure by race and/
or gender, and comprehensively evaluate PGx actionability 
combining medication and genetic data in a general popula-
tion cohort of participants in the Alabama Genomic Health 
Initiative (AGHI).

WHAT QUESTION DID THIS STUDY ADDRESS?
Population- level PGx actionability in Alabama Genomic Health Initiative participants.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This state- wide effort enrolled participants across Alabama, many in clinics and/or 
the community as opposed to acute care settings. By evaluating real- world PGx ac-
tionability, we have identified (1) 98.6% of participants have an actionable genotype, 
(2) medications affected by PGx recommendations are commonly prescribed, and (3) 
combining genetic and medication data allows for the identification of associations 
that may be more actionable based on race and/or gender.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
Understanding population- level PGx actionability can enable optimization of phar-
macotherapy to improve outcomes. Evaluating actionability based on true genotype 
and prescribing frequencies by race and gender allows for the identification of areas, 
which can be prioritized for implementation efforts. Such efforts lay the foundation 
for translational research and evaluate “real- world” outcomes of PGx.
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METHODS

Alabama Genomic Health Initiative

Supported by the State of Alabama, AGHI is aimed at pre-
venting and treating conditions with a genetic basis. This joint 
University of Alabama at Birmingham (UAB) -  HudsonAlpha 
Institute for Biotechnology effort provides genetic testing, in-
terpretation, and counseling free of charge to residents in each 
of Alabama’s 67 counties. Under the approval of the UAB’s 
Institutional Review Board, Alabama residents over the age of 
18 years were enrolled in AGHI at sites throughout Alabama, 
including UAB Hospital (Birmingham), UAB Medicine clin-
ics (Birmingham, Huntsville, Selma, and Montgomery), and 
additional recruitment events held at various locations. During 
enrollment, demographic information (e.g., age, race, gen-
der, etc.), medical history, family health history, and a blood 
sample were collected. Samples were genotyped through the 
HudsonAlpha laboratory using the Illumina Global Screening 
Array (GSA; version 1 or 2, depending on time of enrollment).

The pharmacogenetic actionability assessment

The PGx actionability assessment was conducted (1) using 
genotype data and genetic ancestry; (2) using medication data 
from participants with an ambulatory care encounter at UAB 
with or without genotype data; and (3) combining genotype 
and medication data in participants with both available. For 
the medication and combined assessments, self- reported race 
was used. Because the assessments utilized both genetic an-
cestry and self- reported race, we evaluated the genetic ancestry 
composition of participants among self- reported race groups 
to determine concordance prior to conducting the actionability 
assessment. Genetic admixture for each participant was deter-
mined using the ADMIXTURE package in R and reference 
data obtained from 1000 Genomes Project, Simons Genetic 
Diversity Project, and the Ashkenazi Genetics Consortium. 
Overall composition of European, African, Asian, and Native 
American ancestry was evaluated for each participant, and any 
other components of ancestry were classified as other for the 
analysis. Within each self- reported race group, the overall av-
erage components of genetic ancestry were calculated.

Gene/drug pairs were selected for evaluation if (1) they 
had a CPIC evidence level of A or B, or (2) they were CPIC 
level B/C and also had either an informative or actionable 
PGx information on the US Food and Drug Administration 
(FDA) package label or a reported level of evidence in the 
Pharmacogenomics Knowledgebase (PharmGKB). CPIC 
guidelines were reviewed to determine actionable genotypes 
and/or variants. In instances where a CPIC guideline was not 
available, PharmGKB was utilized to select variants, with 
variants with a 1A/B– 2A/B PharmGKB level of evidence 

prioritized for evaluation.42 For gene/drug pairs with no 
CPIC guideline where only lower level PharmGKB associ-
ations were reported (example: POLG [CPIC level A/B] and 
rs3087374 [PharmGKB level 3]) the highest level variant 
was used for the evaluation. Associations with no guideline 
and no PharmGKB clinical annotation were excluded. CFTR 
was excluded because recommendations are unique to pa-
tients with cystic fibrosis. Additionally, we excluded genes 
located in the HLA region, as the specific risk alleles (e.g., 
HLA- B *57:01) were not directly genotyped. Since G6PD is 
located on the X- chromosome, we also evaluated expected 
phenotypes, because phenotype assignment differs among 
men and women. The prevalence of actionable genotypes/
variants was evaluated overall, by genetic ancestry, and by 
gender collectively by gene. Finally, we evaluated overall 
PGx actionability among AGHI participants based on genes/
variants designated CPIC level A. Variants selected for eval-
uation and available on the GSA are listed in Table S1.

Medication data were ascertained through Informatics for 
Integrating Biology and the Bedside (i2b2) for AGHI partic-
ipants with a recorded ambulatory care encounter with the 
UAB Health System. Visits were limited to ambulatory care 
visits to exclude occurrences of acute medication exposure 
(e.g., single doses received during emergency/inpatient en-
counter). Because RYR1, CACNA1S, and BCHE influence in-
haled anesthetics and neuromuscular blockers, we excluded 
these gene/drug pairs because they would likely be adminis-
tered in clinical settings. Furthermore, RYR1 and CACNA1S 
are considered medically actionable by the American College 
of Medical Genetics and Genomics (ACMG). Variation in 
these genes was rare in the cohort and has previously been 
reported.43 For the medication assessment, medication ex-
posure was evaluated overall, and by self- reported race and 
gender collectively by gene. Genes that influenced the same 
set of medications were combined for the assessment (e.g., 
NUDT15 and TPMT for thiopurines). For each gene, partic-
ipants were considered to have actionable medication expo-
sure if they had ever been prescribed at least one affected 
medication prior to November 2020. RxNorm terminology 
was used to compile a list of ingredients (single and com-
bination) for each medication influenced by a PGx recom-
mendation. Genes and corresponding drugs included in the 
medication assessment are presented in Table S2.

The final analysis combined medication and genotype 
data to determine the percent of participants who were both 
(1) exposed to affected medications, and (2) also had an ac-
tionable genotype. For the PGx actionability assessment, we 
included medications utilized by at least 1% of participants 
overall or in any of the evaluated groups. Additionally, be-
cause warfarin has a race- specific CPIC guideline, we eval-
uated warfarin actionability overall, stratified by race, and 
stratified by race and gender in AGHI participants prescribed 
warfarin.
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Statistical analysis

Differences in PGx genotype frequencies and medication exposure 
by race and gender were evaluated using the χ2 test and Fisher’s 
exact test as appropriate. Odds ratios (ORs) and 95% confidence 
intervals (CIs) are reported with respect to Blacks and women for 
the race and gender stratified assessments, respectively.

RESULTS

Patient population

From June 2017 to January 2020, AGHI enrolled 6331 
participants, representing all 67 Alabama counties. At 
the time of this analysis, genotype data was available for 

F I G U R E  1  Self- reported race (a) and genetic ancestry (b) among Alabama Genomic Health Initiative participants. Other races include 
American Indian/Alaskan Native, Hawaiian/Pacific Islander, more than one race, and other. Participants with unknown or those who declined/
refused to provide race were not included in the assessment. For the genetic ancestry evaluation, other ancestry includes any composition of genetic 
ancestry apart from European, African, Asian, or Native American

(b)

(a)
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4230 participants (74.0% women; self- reported White 
[70%]; Black [19.8%]). Among participants, 3567 (76.0% 
women) had a UAB encounter and 3386 had both genotype 
and drug exposure data (75.9% female; Figure 1a). When 
self- reported race and genetic ancestry were compared, the 
highest average percent of genetic ancestry was concordant 
with self- reported race (Figure  1b). Given that ~  94% of 
participants with both genotype and medication data self- 
reported as White or Black, the assessment was limited to 
these groups.

Pharmacogenetic actionability based on 
genotype frequencies

Among genes designated CPIC level A, 98.6% 
(n = 4171/4230) of participants had an actionable genotype. 
The prevalence of level A actionable genotypes was similar 
between participants of African (99.4%; n  =  637/641) and 
European ancestry (98.5%; n  =  2853/2895). Among CPIC 
level A or B genes (Figure 2), ABCG2, influencing rosuv-
astatin efficacy, had the highest actionability, based on ho-
mozygosity for the major allele. Other genes with a high 
prevalence of actionable genotypes included CYP2C19 
(61.1%), VKORC1 (55.2%), IFNL3 (53.7%), and NAT2 
(52.6%). Although the prevalence of actionable genotypes 
for CYP2D6 was only 7.8%, data were only available for a 
limited number of CYP2D6 alleles (*6, *7, *9, *17, and *41).

With the exception of CYP2C19 and DPYD, actionability 
by gene significantly differed among participants of African 
and European ancestry (Table S3). Notably, DPYD actionabil-
ity did not differ by ancestry, primarily due to rs115232898, an 
African- specific variant. Among participants of African ances-
try with an actionable DPYD genotype, 89.5% (n = 34/38) had 
the rs115232898 variant. Actionable CYP2C9 genotypes were 
more common in European participants, however, CYP2C9*8, 
the most common variant in individuals of African ancestry,44 
was not assessed by the GSA. Additionally, 1.35% of partici-
pants had an actionable NUDT15 genotype, however, action-
able NUDT15 genotypes were rare in European participants 
(0.6%) and absent in African participants.

PGx actionability was similar by gender, with 99.2% 
(n = 3106/3131) of women, and 99.2% (n = 1090/1099) of 
men having an actionable genotype (p  =  0.95). When as-
sessed by gene, differences in actionable genotype frequen-
cies were observed for ABCG2, CYP2B6, CYP4F2, G6PD, 
and IFNL3 (Table S4). Compared to men, women were less 
likely to have an actionable CYP4F2 genotype (43.1% vs. 
47.3%; p = 0.02), but more likely to have actionable ABCG2 
(86.1% vs. 83.3%; p  =  0.02), CYP2B6 (45.7% vs. 43.0%; 
p < 0.0001), and IFNL3 (55.1% vs. 49.9%; p = 0.003) gen-
otypes. Some of these findings may also be related to ances-
try differences, as ~  83% (n  =  535/641) of participants of 
African ancestry were women.

Variation in G6PD is associated with G6PD deficiency, 
and can lead to drug- induced hemolytic anemia upon 

F I G U R E  2  Actionability across pharmacogenes meeting Clinical Pharmacogenetics Implementation Consortium (CPIC) level A or B evidence 
threshold. Red squares indicate the overall prevalence of actionable genotypes in the cohort. ABCG2 actionability is based on homozygosity for the 
major allele. For G6PD, actionability was defined as men with one variant allele and women with two variant alleles. No participants had variation 
in MT- RNR1, and no participants of African ancestry had an actionable NUDT15 genotype. CYP2D6 was not adequately interrogated on the array, 
and only a limited number of actionable genotypes could be determined. The actionable variant for SLC6A4 was not available
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exposure to numerous medications. Variants are defined 
based on expected decrease in G6PD enzyme activity. 
Among evaluated variants, G6PD A-  (class III) is associ-
ated with 10 to 60% of normal enzyme activity, and the 
Mediterranean variant (class II) is associated with less 
than 10% of normal enzyme activity, without chronic non-
spherocytic hemolytic anemia (CNSHA). CNSHA is a 
clinical condition that can result in hemolytic anemia ab-
sent exposure to an offending agent. Men with one of these 
alleles and women with two alleles likely have a G6PD de-
ficient phenotype, whereas women who with only one of 
these alleles have a variable phenotype.38 Overall, ~ 5% of 
participants harbored either the A-  or Mediterranean G6PD 
variants. However, only 0.5% were expected to have a defi-
cient G6PD phenotype. When evaluated by ancestry, 28.5% 
of participants of African ancestry, and 0.1% of partici-
pants of European ancestry had a G6PD variant. Although 
no participants of European ancestry were expected to have 
a deficient phenotype, 2.8% of African ancestry partici-
pants were expected to be G6PD deficient. Additionally, as 
expected, women were more likely to have a G6PD variant, 
but less likely to have the actionable G6PD deficient phe-
notype (OR 0.35, 95% CI 0.12– 1.00; p = 0.04).

Pharmacogenetic actionability- based 
medication prescribing

Assessment of actionability- based on prescribing dem-
onstrated the importance of CYP2D6, CYP2C19, G6PD, 
and CYP2C9 overall, by race, and by gender (Figure 3 and 
Table  S5). Over 40% of participants had been prescribed a 
medication influenced by one of these four genes. Among 
these, CYP2C9 showed differential prescribing by race and 
gender, with Black participants and women more commonly 
prescribed CYP2C9 affected medications. Additionally, 
women were more likely to be prescribed medications affected 
by CYP2C19 (OR 1.19, 95% CI 1.02– 1.40; p = 0.03). Among 
other genes, Black participants were ~ 3- fold more likely to be 
prescribed the CYP3A5 affected medication, tacrolimus (OR 
3.72, 95% CI 1.87– 7.32; p = 0.0003), and fivefold more com-
monly prescribed medications influenced by UGT1A1 (OR 
5.28, 95% CI 2.24– 12.66; p = 0.0002). Black participants and 
women were 37% (OR 0.63, 95% CI 0.42– 0.94; p = 0.02) and 
52% (OR 0.48, 95% CI 0.36– 0.63; p < 0.0001) less likely to be 
prescribed rosuvastatin (ABCG2), respectively, with women 
also less 35% (OR 0.65, 95% CI 0.49– 0.87; p = 0.004) less 
commonly prescribed simvastatin (SLCO1B1). Differences in 
rosuvastatin prescribing by race were primarily due to lower 
prescribing in women. Additionally, the analysis did not take 
into account the indication for statin therapy, such as clinical 
atherosclerotic cardiovascular disease, which may have been 

more common in certain groups of participants, and led to 
more frequent statin prescribing.

Black participants and men were more frequently prescribed 
medications influenced by ADRB1, which included the beta 
blockers, atenolol, carvedilol, and metoprolol. Conversely, White 
participants and women were more commonly prescribed the an-
tidepressants, citalopram and escitalopram, affected by SLC6A4. 
Gene/drug pairs with less than 1% exposure in all groups and not 
further evaluated included DPYD and IFNL3/IFNL4.

Pharmacogenetic actionability based 
on combined medication exposure and 
genetic variation

When medication and genotype data were combined 
(Figure  4), ABCG2 had the highest actionability due to 
the major allele being the actionable genotype. Among 
participants prescribed atenolol, carvedilol, or metopro-
lol, ~  50% had an actionable ADRB1 rs1801253 geno-
type, associated with decreased therapeutic response. 
Furthermore, Black participants were more commonly 
prescribed these medications (31.3% vs. 25.8%; p = 0.02), 
had a higher frequency of actionable genotypes (66.1% 
vs. 46.5%; p  <  0.0001), and also had higher combined 
actionability (62.5% vs. 47.4%; p < 0.0001). Similar re-
sults were observed for CYP3A5 and the immunosuppres-
sant, tacrolimus, also more frequently prescribed in Black 
participants. Among participants prescribed tacrolimus 
(n  =  35), 62.5% (n  =  10/16) of Black participants had 
an actionable CYP3A5 genotype, compared to only 5.3% 
(n = 1/19) of White participants (p = 0.0008). Based on 
combined actionability, no significant differences were 
observed between men and women.

Warfarin and corresponding genes were evaluated sep-
arately due to race- specific differences in actionability 
(Table  1). The assessment was also stratified by race and 
gender to account for these differences in the gender- specific 
evaluation. Among AGHI participants prescribed warfarin 
(n = 89), 59.6% had an actionable genotype for at least one 
of the genes that influences warfarin dosing. However, 72.2% 
(n  =  13/18) of Black participants had an actionable geno-
type, compared to 45.8% (n = 33/72) of White participants 
(p = 0.05). Similar results were observed when stratified by 
both race and gender with 66.7% (n = 10/15) of Black and 
43.3% (n  =  13/30) of White women having an actionable 
genotype. Similarly, although all Black men prescribed war-
farin also had an actionable genotype, this was due to only a 
small number (n = 3) being prescribed warfarin. Given that 
data were not available on the GSA for CYP2C9*8, common 
in Blacks, true warfarin actionability for Black participants 
may be higher than observed.
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Modification of pharmacogenetic actionability 
based on race versus ancestry

Given that 1.3% of participants had an actionable NUDT15 
genotype, but only 0.6% of European participants and no 
African participants had an actionable genotype, we further 
evaluated NUDT15. Among participants with an actionable 
NUDT15 genotype, 42.9% (n  =  18) reported White, 31% 
(n = 13) reported Asian, 23.8% (n = 10) reported other race, 
and 2.4% (n = 1) reported more than one race. Additionally, 
35.7% of participants with an actionable genotype reported 
Hispanic ethnicity, and all participants who reported other 
race (n = 10) also reported Hispanic ethnicity. This was simi-
lar to results observed in the larger cohort, where participants 
who reported other race had the highest fraction of Native 
American genetic ancestry (Figure 1b). Genetic variation in 
NUDT15 and TPMT is associated with thiopurine- related 
myelosuppression. It is recognized that NUDT15 variation 
is commonly responsible for these effects in Hispanics and 
Asians, whereas TPMT variation is commonly implicated in 
individuals of European and African ancestry.45,46 If a race- 
based approach to genotyping was employed, for example, 
only testing NUDT15 in patients who self- reported Asian or 

Hispanic, ~ 31% (n = 13) of participants with an actionable 
NUDT15 genotype would have been missed due to report-
ing White/non- Hispanic. Similarly, if both race and ethnic-
ity were not considered, this would have failed to identify 
an additional 23.8% (n = 10) of participants with an action-
able NUDT15 genotype who reported other race/Hispanic 
ethnicity. Given these results, the genetic ancestry of partici-
pants with a NUDT15 variant was evaluated (Figure 5). As 
expected, the majority of participants with the variant had 
primarily Asian and Native American ancestry; however, 
participants with predominately European ancestry were also 
found to have a variant. Among these participants, Native 
American, African, Middle Eastern, Ashkenazi, and other 
ancestral admixture was observed.

Additionally, we evaluated self- reported race and genetic an-
cestry among 26 participants with the African- specific DPYD 
rs115232898 variant and genetic ancestry data. Notably, one 
participant with the variant self- reported White. When genetic 
ancestry was evaluated, the participant had ~ 60% European, 
32% Middle Eastern, and 8% Ashkenazi ancestry. Furthermore, 
six additional participants of predominately African ancestry 
harboring the variant, also had components of Middle Eastern 
and/or Ashkenazi ancestry (data not shown).

F I G U R E  3  Potential for pharmacogenomic actionability among Alabama Genomic Health Initiative participants assessed by medication 
prescribing (a) overall, (b) by race, and (c) by gender. Red asterisks indicate a significant difference in prescribing frequency and the group with 
higher exposure. Genes with less than 1% exposure in all groups and not included: DPYD (fluoropyrimidines) and IFNL3/IFNL4 (peginterferon 
alfa 2a/2b)

(a) (b)

(c)
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DISCUSSION

This state- wide population- based evaluation of PGx ac-
tionability was done to create a defendable value propo-
sition for pharmacogenomics in tailoring medication 
therapy at a population level. We do so by demonstrating 
that PGx potentially impacts (almost) every person; 98.6% 
of Alabamians have an actionable genotype influencing 
response to one or more medications. By assessing PGx 
actionability in the context of medication use, we demon-
strate its current impact in optimizing medication selection 
and dosing.

In addition to differences in PGx actionability resulting from 
allele frequency differences across ancestral groups, prescrib-
ing frequencies of affected medications also differed. Black 
participants were more likely to harbor the ADRB1 variant 
(rs1801253), associated with decreased metoprolol response 

(for hypertension), and decreased response to carvedilol, aten-
olol, and metoprolol (for heart failure).47 Although we did not 
evaluate the indication for beta blocker therapy among AGHI 
participants, over 30% of Black participants were prescribed 
these medications, of which, 63% also had an actionable gen-
otype associated with decreased response. Given the disparities 
between Blacks and Whites in cardiovascular- related outcomes, 
identifying PGx associations that may be more actionable in 
Black patients may help tailor therapy. Future investigations 
should evaluate associations with lower level evidence (CPIC 
level B) that may lack and/or have conflicting evidence due to 
under- representation or ancestral differences in allele frequen-
cies. This may offer insight into observed differences in medica-
tion efficacy and/or adverse effects.

Although it has been shown that self- identified race eth-
nicity and genetic ancestry are highly concordant for PGx 
risk stratification,48 we evaluated the ancestry composition 

F I G U R E  4  Pharmacogenetic actionability among Alabama Genomic Health Initiative participants prescribed an affected medication. Each 
large square represents 100% of participants. Dark shaded boxes represent the percent of participants on affected medications who also harbored an 
actionable genotype. Due to race specific guidelines, warfarin was not included in the CYP2C9 medication assessment, and CYP4F2 and VKORC1 
are also not included. CYP2D6 was not adequately interrogated on the array, and therefore reported actionability is likely much lower that true 
actionability. For UGT1A1 and TPMT, there were less than five participants with an actionable genotype prescribed an affected medication. G6PD 
includes only participants expected to have a deficient phenotype. For women, G6PD actionability was 0.4%
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of participants among self- reported race groups to confirm 
these findings in our cohort prior to conducting the PGx as-
sessment. Whereas the predominant ancestry fraction among 
each self- reported race group was concordant, we present 
examples where the use of self- reported race in lieu of PGx 
testing for variants that are thought to be unique to a spe-
cific ancestry group, may fail to identify participants who 
harbor the variant due to genetic admixture. Misclassifying 
such actionable PGx associations could undermine the prom-
ise of PGx in preventing severe/fatal adverse effects, such as 
thiopurine- related myelosuppression and fluoropyrimidine 
toxicity. With increasing admixture in the United States, 
self- reported race as a proxy for ancestry will become less 
reliable. This underscores the importance of testing all ac-
tionable variants regardless of self- reported race.

By assessing PGx actionability in the context of prevalent 
chronic conditions we highlight its potential future impact on 
medical management by optimizing medication (selection 
and dosing) regimens. Figure  6 presents acute and chronic 
conditions among AGHI participants. Approximately 15% of 
participants in this nonmedical cohort have previously expe-
rienced adverse drug effects resulting in a medical diagnosis. 
In addition to medications with current PGx actionability, 
this provides a glimpse into future actionability as PGx re-
search and evidence evolves.

Finally, population- level efforts, such as AGHI, can 
provide insight into understanding, and, where applicable, 
deploying PGx during emerging public health crises, such 
as the pandemic of coronavirus disease 2019 (COVID- 19). 
Genetic variation influences the PKs of several drugs inves-
tigated as potential therapies, including hydroxychloroquine/
chloroquine (CYP2C8, CYP2D6, SLCO1A2, and SLCO1B1), 
azithromycin (ABCB1), ribavirin (SLC29A1, SLC28A2, and 
SLC28A3), and lopinavir/ritonavir (SLCO1B1, ABCC2, and 
CYP3A). In addition, variation influences the propensity for 
adverse effects, most notably for hydroxychloroquine/chlo-
roquine (G6PD; hemolysis), ribavirin (ITPA; hemolysis), 
and interferon β −1b (IRF6; liver toxicity).49 Having PGx 
data available prior to prescribing, especially in the case of 
COVID- 19 where many therapies had limited/no evidence of 
efficacy for the indication, has the potential to help mitigate 
certain adverse effects, such as G6PD- associated hemolytic 
anemia.

A major limitation of this study was the lack of coverage 
for CYP2D6 on the genotyping array. CYP2D6 is the most 
actionable gene based on prescribing frequencies, but true 
actionability based on combined genetic variation and med-
ications could not be adequately evaluated. This highlights 
the importance of comprehensive CYP2D6 evaluation and 
for programs using arrays to interrogate the genome should 
the plan include a separate assessment of CYP2D6 variation. 
We were also unable to evaluate UGT1A1 rs8175347, which 
determines the *28, *36, and *37 alleles, depending on the T
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number of TA repeats present. However, UGT1A1 rs887829 
is in strong linkage disequilibrium (LD) with rs8175347, 
with the rs887829 T allele in LD with the decreased function 
TA7 (*28) and TA8 (*38) alleles, and the rs887829 C allele in 
LD with the increased function and reference TA5 (*36) and 
TA6 (*1) alleles, respectively. For atazanavir, the only CPIC 

level A medication influenced by UGT1A1 with a guideline 
available, therapeutic recommendations are the same for 
*28/*38, and *1/*36. Due to this, an expected poor metab-
olizer phenotype can be inferred based on homozygosity for 
the rs887829 T allele.50 However, other medications, includ-
ing irinotecan, belinostat, dolutegravir, nilotinib, pazopanib, 

F I G U R E  6  Prevalence of selected acute and chronic conditions among Alabama Genomic Health Initiative participants. Conditions in 
which the treatment had a high- level pharmacogenetic association were prioritized for inclusion, in addition to adverse effects of medical drugs. 
Conditions of interest that may be more actionable as further evidence emerges (e.g., diabetes), and those that may provide insight into the potential 
utility of pre- emptive pharmacogenetic data for research and/or treatment for unseen circumstances (e.g., coronavirus disease 2019 [COVID- 19]) 
are presented. *For COVID, prevalence represents the number of participants who tested positive. Among participants who tested positive, 3.8% 
(6.8% of Black COVID (+) participants; 3.2% of White COVID (+) participants; 2.9% of women with COVID (+) participants; 6.9% of men 
with COVID (+) participants) had severe disease requiring intervention (e.g., mechanical ventilation). Psychiatric conditions include adjustment 
disorders, anxiety disorders, attention deficit disorders, delirium dementia/other cognitive disorders, mood disorders, personality disorders, 
schizophrenia, and other psychotic disorders. Cancer includes breast, colorectal, gastrointestinal cancers, leukemia, and lung cancer. Gastric 
conditions: gastroesophageal reflux disease and gastroparesis

F I G U R E  5  Genetic ancestry composition of Alabama Genomic Health Initiative participants with an actionable NUDT15 genotype. European 
and African ancestry include the total of all combined fractions of European and African ancestry, respectively
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and raltegravir, are also influenced by UGT1A1 variation.39 
Because CPIC guidelines are medication specific, expected 
UGT1A1 phenotypes for these medications may differ from 
atazanavir, making it necessary to interrogate UGT1A1 
rs8175347. This is important to consider as PGx evidence 
emerges for UGT1A1 affected medications.

State- level population- based initiatives, such as AGHI, 
have the potential to improve health- related outcomes 
through pre- emptive genotyping. With greater than 6,000 
Alabama residents enrolled in AGHI since its inception in 
2017, AGHI will now transition from a population- based ini-
tiative to enrolling patients in UAB primary care clinics, with 
the aim of genotyping and returning actionable PGx results 
to patients and clinicians. Results will be stored in the elec-
tronic medical record so data will be available to help inform 
current and/or future prescribing decisions.
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