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Abstract

We sought to identify genome-wide variants influencing antihypertensive drug response and 

adverse cardiovascular outcomes, utilizing data from four randomized controlled trials in the 

International Consortium for Antihypertensive Pharmacogenomics Studies (ICAPS). Genome-

wide antihypertensive drug-single nucleotide polymorphism (SNP) interaction tests for four drug 

classes (β-blockers, n = 9,195; calcium channel blockers (CCBs), n = 10,511; thiazide/thiazide-

like diuretics, n = 3,516; ACE-inhibitors/ARBs, n = 2,559) and cardiovascular outcomes (incident 

myocardial infarction, stroke, or death) were analyzed among patients with hypertension of 

European ancestry. Top SNPs from the meta-analyses were tested for replication of cardiovascular 

outcomes in an independent Cohorts for Heart and Aging Research in Genomic Epidemiology 

(CHARGE) study (n = 21,267), blood pressure (BP) response in independent ICAPS studies (n = 

1,552), and ethnic validation in African Americans from the Genetics of Hypertension Associated 

Treatment study (GenHAT; n = 5,115). One signal reached genome-wide significance in the 

β-blocker-SNP interaction analysis (rs139945292, Interaction P = 1.56 × 10−8). rs139945292 was 

validated through BP response to β-blockers, with the T-allele associated with less BP reduction 

(systolic BP response P = 6 × 10−4, Beta = 3.09, diastolic BP response P = 5 × 10−3, Beta = 1.53). 

The T-allele was also associated with increased adverse cardiovascular risk within the β-blocker 

treated patients’ subgroup (P = 2.35 × 10−4, odds ratio = 1.57, 95% confidence interval = 1.23–

1.99). The locus showed nominal replication in CHARGE, and consistent directional trends in 

β-blocker treated African Americans. rs139945292 is an expression quantitative trait locus for the 

50 kb upstream gene NTM (neurotrimin). No SNPs attained genome-wide significance for any 

other drugs classes. Top SNPs were located near CALB1 (CCB), FLJ367777 (ACE-inhibitor), and 

CES5AP1 (thiazide). The NTM region is associated with increased risk for adverse cardiovascular 
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outcomes and less BP reduction in β-blocker treated patients. Further investigation into this region 

is warranted.

Hypertension (HTN) affects ~ 31% (1.39 billion) of adults worldwide and ~ 46% (166.4 

million) of adults in the United States.1,2 Additionally, HTN is the leading cause of 

cardiovascular disease globally.2 Numerous antihypertensive drug classes are considered 

appropriate first-line therapy to lower blood pressure (BP), including thiazide diuretics, 

calcium channel blockers (CCBs), angiotensin-converting enzyme (ACE) inhibitors, and 

angiotensin receptor blockers (ARBs).3 Although β-blockers were previously considered 

appropriate first-line therapy in uncomplicated HTN,4 they are currently considered 

secondary agents in uncomplicated HTN and first-line agents in some patients with 

complicated HTN (e.g., patients with stable ischemic heart disease or post-myocardial 

infarction (MI)).3 Additionally, β-blockers are first-line therapy in patients with heart 

failure.5 All antihypertensive drugs are ultimately prescribed to reduce or prevent the 

long-term cardiovascular complications of HTN.3 However, there exists great interpatient 

variability in antihypertensive drug response, with only about 50% of patients achieving 

an adequate BP response to any one drug, and limited data available to guide treatment 

selection.3 Why patients respond differently to the same drug and why some patients 

experience adverse cardiovascular outcomes despite BP control while others do not remains 

poorly understood.

Multiple landmark randomized controlled trials (RCTs) have been conducted investigating 

different antihypertensive therapies and adverse cardiovascular outcomes.6–10 Through 

these studies, clinical factors, such as age, sex, race, smoking, history of MI, history of 

diabetes, prior stroke, and history of heart failure, have been associated with increased 

risk for adverse cardiovascular outcomes during antihypertensive treatment.11 Additionally, 

pharmacogenomic studies have identified several candidate genes associated with adverse 

cardiovascular outcomes and various antihypertensive drugs.12–17 However, these candidate 

genes often fail to replicate between studies. One prior genome-wide association study 

(GWAS) meta-analysis studying antihypertensive treatment and adverse cardiovascular 

outcomes within the observational study Cohorts for Heart and Aging Research in 

Genomic Epidemiology (CHARGE) consortium has been published.18 Although the study 

included ~ 15,000 individuals and investigated antihypertensive drug-SNP (single nucleotide 

polymorphism) interaction associations with adverse cardiovascular outcomes for four 

different antihypertensive drug classes (ACE-inhibitors, β-blockers, CCBs, and diuretics), 

no statistically significant interactions were identified.18

The International Consortium for Antihypertensive Pharmacogenomic Studies (ICAPS), 

aimed to further prior research by conducting this genome-wide meta-analyses to identify 

single nucleotide polymorphisms (SNPs) that influence adverse cardiovascular outcomes 

during antihypertensive drug treatment, using data obtained from RCTs, as opposed to 

the observational nature of the data from the CHARGE studies. We were interested to 

see whether pharmacogenetics analyses within more appropriately designed RCTs enable 

improved detection of genetic variants influencing adverse cardiovascular risk. Herein, we 

report the genome-wide meta-analysis antihypertensive drug class-SNP interaction results 
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for adverse cardiovascular outcomes in participants of European ancestry utilizing data from 

four RCTs within ICAPS and testing over 6.4 million SNPs.

METHODS

Study participants and inclusion criteria

Within the discovery phase, we conducted drug × SNP interaction GWAS meta-analyses 

for four antihypertensive drug classes including (i) β-blockers, (ii) CCBs, (iii) ACE 

inhibitors/ARBs, and (iv) thiazide/thiazide-like diuretics. The discovery phase only included 

patients with HTN of European/European-American ancestry. The GWAS meta-analyses for 

β-blockers and CCBs included participants from four HTN RCTs, which consisted of five 

study cohorts: Anglo-Scandinavian Cardiac Outcomes Trial–United Kingdom and Ireland 

(ASCOT-UK), 19 Anglo-Scandinavian Cardiac Outcomes Trial-Scandinavians (ASCOT-SC), 
19 Action to Control Cardiovascular Risk in Diabetes (ACCORD),20 International Verapamil 

SR-Trandolapril Study (INVEST),21 and Secondary Prevention of Small Subcortical Strokes 

(SPS3).22 Whereas the GWAS meta-analyses for ACE-inhibitors/ARBs and thiazide/

thiazide-like diuretics only included three RCTs: ACCORD, INVEST, and SPS3. Details of 

the individual studies are available in the Supplementary Methods. Briefly, each study was 

a large, adverse cardiovascular outcome RCT comparing antihypertensive drug strategies in 

HTN participants (ASCOT and INVEST),19,21 or with a BP-lowering arm comparing target 

BP control in diabetic participants (ACCORD)20 or lacunar-stroke participants (SPS3).22 All 

participants included in the analyses were hypertensive.

For independent replication, the prior results from the GWAS meta-analysis studying 

antihypertensive drug and adverse cardiovascular outcomes within the CHARGE consortium 

were used for lookups.18 Details of the individual studies included in CHARGE are 

available in the Supplementary Methods and have been previously published.18

The BP response validation utilized the results from the discovery phase of the ICAPS 

β-blocker response GWAS meta-analysis. 23 Data from African American participants from 

the Genetics of Hypertension-Associated Treatment (GenHAT) were included for ethnic 

validation.24 Details of the individual studies included in the validation phases are available 

in the Supplementary Methods.

All studies were approved by local institutional review boards or ethics committees. 

All studies were conducted in accordance with the regulations set forth by the 

Declaration of Helsinki. The data from ACCORD are publicly available on the Biological 

Specimen and Data Repository Information Coordinating Center (BioLINCC): https://

biolincc.nhlbi.nih.gov/studies/accord/. The data from INVEST are available on the database 

of Genotypes and Phenotypes (dbGaP; dbGaP Study Accession: phs002319.v1.p1). The data 

from SPS3 are included within the NINDS Stroke Genetics Network (SiGN) upload on 

dbGaP (dbGaP Study Accession: phs000625.v1.p1).

Definition of drug exposure

We examined four broad antihypertensive drug class: (i) β-blockers, (ii) CCBs, (iii) ACE 

inhibitors/ARBs, and (iv) thiazide/thiazide-like diuretics. A study participant was considered 
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to be exposed to a particular drug class if there was a documented prescription for the 

drug at two or more study visits. Study participants meeting this exposure criteria were 

included in the exposed group, and study participants who were users of other drug 

classes were included in the reference group. Thus, if participants were exposed to multiple 

antihypertensive drug classes, these individuals appeared in multiple analyses, but only 

within either the exposed or reference group.

Definition of adverse cardiovascular outcome

The primary phenotype of the study was adverse cardiovascular outcomes. An adverse 

cardiovascular outcome was defined as the first occurrence of nonfatal stroke, nonfatal MI, 

and all-cause death. Adverse cardiovascular outcomes included in the meta-analyses were 

outcomes adjudicated during the defined follow-up period from each RCT, similar to an 

intent-to-treat design.6–9,19,21,22,25

Genotyping, quality control, and imputation

Genome-wide SNP genotyping was conducted within each study using an Affymetrix or 

Illumina genotyping panel. Additional details on genotyping in each study are available 

in the Supplementary Methods. Each study underwent standard quality control (QC) 

procedures including exclusion of participants based on sex mismatch or duplication, 

exclusions of participants based on heterogeneity, exclusion of samples with genotyping 

call rates < 95%, and exclusion of SNPs with genotyping call rates < 95 to < 99%. Principal 

components for ancestry were identified using the EIGENSTRAT method.26 Genotype 

imputation for the discovery phase was conducted by study to the 1000G Phase I reference 

panel (ASCOT) and 1000G Phase III reference panel (ACCORD, INVEST, and SPS3). For 

the replication phase and validation phase, CHARGE was imputed to the HapMap Phase II 

reference panel, ICAPS β-blocker response was imputed to the 1000G Phase III reference 

panel, and GenHAT was imputed to the 1000G Phase III reference panel.

Statistical analysis

The demographics and characteristics for each study were described as numbers and 

percentages (categorical variables) and as mean ± SD (continuous variables).

We conducted a multistage GWAS meta-analysis (Figure 1). The first stage (Discovery) 

was a discovery GWAS meta-analysis for each of the four drug classes, followed by testing 

the top signals from each drug class in the CHARGE replication cohort (Replication). 

The validation stage consisted of a BP response validation (BP Response Validation) 

for genome-wide significant signals from our discovery β-blocker drug class GWAS 

interaction analysis, and a directional validation and ethnic validation (Directional and 

Ethnic Validation) for SNPs passing the replication or validation thresholds in the replication 

stage or BP response validation stage.

Discovery analysis.—Each study conducted two (ASCOT) or four (ACCORD, INVEST, 

and SPS3) antihypertensive drug × SNP GWAS for adverse cardiovascular outcomes 

using logistic regression across at least 6.4 million imputed autosomal SNPs. The 

antihypertensive drug × SNP interaction model allows for the identification of SNPs where 
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there is a difference in odds for adverse cardiovascular outcomes by SNP genotype and 

antihypertensive drug treatment. All regression models included an antihypertensive drug 

× additive SNP interaction term and were adjusted for age, sex, principal components 

for ancestry, and other antihypertensive drug classes (exposure > 1 visit). Additionally, 

other variables that were previously associated with adverse cardiovascular outcomes in 

the individual studies were included as covariates.8,9,11 ACCORD included adjustment for 

the glycemic arm and cardiovascular disease history; INVEST included adjustment for 

prior MI, history of diabetes, and history of heart failure; and SPS3 included adjustment 

for the antiplatelet arm, body mass index, prior MI, diabetes, and history of heart failure. 

Regression analyses were conducted using ProbABEL or PLINK.27,28 SNP filtering was 

conducted by study at a minor allele frequency cutoff of > 5% and an imputation QC (Rsq) 

of > 0.30.

Results from each antihypertensive drug × SNP GWAS by study underwent the central 

QC protocol outlined by Winkler et al. using the EasyQC package.29 Summary data were 

analyzed for heterozygosity, allele mismatches, and missingness. The QC results were 

visualized through quantile-quantile plots, P-Z plots, and allele frequency mismatch plots. 

The post-QC GWAS results from each cohort were combined by antihypertensive drug class 

in a fixed effects inverse variance weighted meta-analysis using METAL.30

After meta-analysis, SNPs were filtered based on presence in at least two cohorts and with 

heterogeneity P > 0.05. The genome-wide significance threshold for antihypertensive drug 

× SNP interaction was P < 5.0 × 10−8. The suggestive threshold for association, used for 

replication look-ups, was set at Interaction P < 1.0 × 10−4.

Replication analysis.—SNPs that met the suggestive threshold for association were 

compared to the results from the previously published CHARGE analyses.18 If the exact 

SNP was not available in the CHARGE data, the closest proxy (r2 ≥ 0.70) was used. 

The number of independent signals (linkage disequilibrium (LD) pruned at r2 > 0.20) by 

antihypertensive drug were used to calculate a Bonferroni-corrected α level for declaring 

significant replication. If there was at least one genome-wide significant signal, the α level 

was split so that the genome-wide significant signals were tested at 0.025/# of independent 

genome-wide signals, and then the suggestive signals were tested at 0.025/# of independent 

sub-genome-wide suggestive signals. If there were no genome-wide significant signals, 

the α level was calculated as 0.05/# of independent sub-genome-wide suggestive signals. 

Nominal significance was defined as P < 0.05.

BP response validation analysis.—SNPs that met the genome-wide significance 

threshold from the discovery interaction meta-analyses were tested for validation through 

a BP response analysis. SNPs were looked up in the results from the previously published 

ICAPS β-blocker discovery GWAS meta-analysis. 23 This analysis consisted of independent 

studies and participants from those included in the discovery phase of this study. The BP 

response validation significance threshold was set at 0.05/# of independent genome-wide 

significant signals tested.
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Directional and ethnic validation analysis.—SNPs that passed the replication 

analysis or the BP response validation analysis were tested for directional validation 

and ethnic validation. The directional validation was conducted in the discovery studies 

(ASCOT, ACCORD, INVEST, and SPS3). SNPs were tested for association with 

adverse cardiovascular outcomes by study within the subgroup of only β-blocker treated 

participants, and within the subgroup of participants not exposed to β-blockers. Logistic 

regression models were adjusted for the same covariates as in the discovery interaction 

analyses. Results from each study were combined by meta-analysis to confirm consistent 

directionality across studies. Second, to examine associations in other ancestries, SNPs and 

proxies (r2 ≥ 0.70), were tested for association with adverse cardiovascular outcomes in 

African American participants in GenHAT who were exposed to β-blockers, and in African 

American participants in GenHAT who were not exposed to β-blockers.

RESULTS

The demographics and characteristics of the participants included in the discovery analysis 

are shown in Table 1. All participants were of European/European-American ancestry. The 

sample size included from ACCORD varied by drug and the participants included in the 

β-blocker analysis are shown in Table 1. The demographics of the participants included 

in the CCB, diuretic, and ACE/ARB analyses from ACCORD are shown in Table S1. 

Overall, there were 9,195 participants included in the β-blocker analysis, 10,511 in the CCB 

analysis, 3,516 in the diuretic analysis, and 2,559 in the ACE/ARB analysis. Men were 

more represented in four of the five cohorts, and, on average, participants were middle-aged 

(mean age = 61–71 years; Table 1). The demographics and characteristics of the participants 

included in the replication and validation analyses are shown in Tables S2–S4.

Discovery analysis

The Manhattan plots and corresponding QQ plots for the association results from each 

of the four drug classes are shown in Figure 2 and Figure S1, respectively. Three SNPs 

(rs2511774, rs139945292, and rs80175218) near NTM on chromosome 11 reached genome-

wide significance in the β-blocker discovery interaction meta-analysis (Table 2, Figure S2). 

After filtering by presence in at least 2 studies and heterogeneity P > 0.05, there were 608 

SNPs that met the suggestive level of significance (Interaction P < 1 × 10−4) in the β-blocker 

analysis, 628 SNPs in the CCB analysis, 447 SNPs in the ACE-inhibitor/ARB analysis, and 

651 in the thiazide/thiazide-like analysis. The top SNPs from each drug analysis (Interaction 

P < 1 × 10−6) are shown in Tables S5–S8.

Replication analysis

There were three independent signals (LD r2 < 0.20) within the genome-wide significant 

region in the discovery β-blocker interaction analysis. None of the three SNPs (rs2511774, 

rs139945292, and rs80175218) were available in the CHARGE results. However, proxies 

were identified for rs139945292 and rs80175218. Neither of the proxies met the 

Bonferroni-corrected replication threshold (Interaction P < 0.0083) in CHARGE (Table S9); 

however, rs7107440, the proxy for rs80175218, did show evidence of nominal significance 

(Interaction P = 0.0435; Table S9).

McDonough et al. Page 7

Clin Pharmacol Ther. Author manuscript; available in PMC 2021 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



After LD pruning the suggestive SNPs from each drug analysis, there were 131 independent 

SNPs from the β-blocker analysis (replication threshold Interaction P < 1.9 × 10−4), 183 

independent SNPs from the CCB analysis (replication threshold Interaction P < 2.7 × 

10−4), 126 independent SNPs from the ACE-inhibitor/ ARB analysis (replication threshold 

Interaction P < 4.0 × 10−4), and 139 SNPs from the thiazide/thiazide-like diuretic analysis 

(replication threshold Interaction P < 3.6 × 10−4). No SNPs met the replication significance 

threshold for any drug in CHARGE. However, five SNPs from the β-blocker analysis 

showed nominal evidence of replication in CHARGE (Table S10). Additionally, two SNPs 

from the CCB analysis, nine SNPs from the ACE-inhibitor/ARB analysis, and three SNPs 

from the thiazide/thiazide-like diuretic analysis showed nominal evidence of replication 

in CHARGE (Tables S11–S13). As no SNPs met the replication significance thresholds, 

no SNPs from the replication analysis were moved forward to the directional and ethnic 

validation analysis.

BP response validation analysis

The 3 independent genome-wide significant SNPs (rs2511774, rs139945292, and 

rs80175218) near NTM on chromosome 11 were tested for BP response validation 

(validation threshold P < 0.0167). One SNP, rs139945292, passed the validation threshold 

for both systolic blood pressure (SBP) response (P = 0.0006, Beta = 3.09), and diastolic 

blood pressure (DBP) response (P = 0.0054, Beta = 1.53) in the independent studies 

included from the ICAPS β-blocker BP response meta-analysis (Table 3). In addition, 

rs80175218 showed nominal significance with SBP response (P = 0.0174, Beta = -1.59; 

Table 3). rs139945292 was moved forward for directional and ethnic validation analysis.

Directional and ethnic validation analysis

The T allele of rs139945292 was associated with an increased risk of adverse cardiovascular 

outcomes in β-blocker treated participants (P = 2.35 × 10−4, odds ratio (OR) = 1.57, 95% 

confidence interval (CI) = 1.23–1.99; Table 2), whereas in non β-blocker treated participants 

the T allele was associated with a decreased risk of adverse cardiovascular outcomes (P = 

0.0098, OR = 0.76, 95% CI = 0.61–0.94; Table 2). This is consistent with the weaker BP 

reduction that was observed in the ICAPS β-blocker response analysis (SBP response Beta 

= 3.09 mmHg, DBP response Beta = 1.53 mmHg, per T allele; Table 3). The association 

of rs139945292 and adverse cardiovascular outcomes by β-blocker treatment in each study 

included in the discovery analysis is shown in Figure 3. Overall, there were consistent 

associations and trends across all five cohorts for an increased risk of adverse cardiovascular 

outcomes in β-blocker treated participants.

Proxies for rs139945292 were also examined in African American participants from 

GenHAT. Although there was no evidence of significance (P < 0.0083), there were similar 

trends observed for rs76944577, a proxy for rs139945292 in African populations (r2 = 1.0). 

A nonsignificant increased risk was observed with the A allele of rs76944577 in β-blocker 

treated participants (P = 0.1206, OR = 1.63, 95% CI = 0.88–3.04; Table S14).
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DISCUSSION

To our knowledge, this is the first genome-wide meta-analysis for the association of 

antihypertensive drug class-SNP interactions and adverse cardiovascular outcomes to utilize 

data obtained from RCTs. By using the high-quality data from RCTs, we examined SNP-

antihypertensive drug interactions for four antihypertensive drug classes: (i) β-blockers, 

(ii) CCBs, (iii) ACE-inhibitors/ARBs, and (iv) thiazide/thiazide-like diuretics. Through our 

multistage analysis plan, we identified a genome-wide significant association with β-blocker 

treatment × SNP interaction and adverse cardiovascular outcomes at rs139945292 near the 

NTM locus. We were able to validate the association with rs139945292 through BP response 

to β-blockers. We showed a consistent direction with the T allele of rs139945292 associated 

with a weaker BP reduction after β-blocker treatment and an increased risk for adverse 

cardiovascular outcomes with β-blocker treatment. We also observed nominal β-blocker 

treatment × SNP interaction associations at the NTM locus in CHARGE, and similar trends 

of increased risk for adverse cardiovascular outcomes in β-blocker treated African American 

participants from GenHAT. Meta-analyses of over 60 prospective observation studies of BP 

and mortality have shown a strong and direct relationship between BP level and vascular and 

overall mortality. 31 This direct link between BP level and adverse cardiovascular outcomes 

strengthens our findings and validation approach.

NTM is located ~ 50 kb upstream (5′) of rs139945292. NTM encodes an immunoglobulin 

(Ig) domain-containing GPI-anchored cell adhesion molecule that belongs to the IgLON 

family of Igs. NTM is highly expressed in the brain, but also shows evidence of expression 

in tibial nerves, lungs, and the atrial appendage of the heart.32 In lung tissue, rs139945292 

is an expression quantitative trait locus for NTM with the T allele associated with increased 

expression of NTM.32 A gene-based association analysis for blood lipid levels in the Genetic 

Epidemiology Network of Salt-Sensitivity (GenSalt) study found a significant association 

with NTM and triglyceride levels.33 Other studies have also found evidence of increased 

NTM protein levels in plasma serum of patients with heart failure,34 and a balanced 

translocation in NTM in a family with thoracic aortic aneurysm.35 Many have hypothesized 

that NTM plays a role in neurite extension and neurite outgrowth; however, the role of 

NTM in cardiovascular function and development is still unclear.36,37 Our results suggest 

that the higher expression of NTM associated with the T allele at rs139945292 may weaken 

BP response to β-blockers and increase risk of adverse cardiovascular outcomes during 

β-blocker treatment.

Although none of the suggestive SNPs from the CCB, ACE inhibitor/ARB, or thiazide/

thiazide-like discovery analyses passed replication thresholds in CHARGE, we did observe 

some noteworthy nominal associations in CHARGE. In the CCB replication, there was 

a nominal association observed with rs1938577, an intronic SNP in LRRC7, a gene 

with prior associations with HTN.38 In both the ACE-inhibitor/ARB replication, and the 

thiazide/thiazide-like replication there were nominal associations observed in BEND4, a 

gene previously associated with lung cancer. 39 Finally, in the β-blocker replication, there 

were nominal associations observed with SNPs in or near ADAMTSL1 (ADAMTS like 

1) and DDAH1. SNPs in ADAMTSL1 have been previously associated with QT interval 
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prolongation after thiazide diuretic treatment,40 whereas SNPs in DDAH1 have been 

previously associated with pre-eclampsia. 41

Our study is not without limitations. Although data collection and outcome determination 

may be more accurate within an RCT, by conducting post hoc analyses of RCTs, we 

have potentially biased our results. Overall, the populations included in RCTs may be 

biased and not represent the general population. Specifically, the RCTs included in our 

study are heterogeneous in regard to inclusion criteria, BP interventions, antihypertensive 

drugs, and primary outcomes.6–9 However, our study design included study-specific 

covariate adjustment within each RCT, analyses based on drug exposure as opposed 

to BP intervention arm, analyses by antihypertensive drug class, and standardization of 

adverse cardiovascular outcomes that were included in the analysis. We were unable 

to formally replicate any of our genome-wide significant SNPs or suggestive SNPs in 

CHARGE. This may be, in part, due to the observational nature of the data included in the 

CHARGE study.18 Medication information was collected through medication inventories 

or prescription drug records. These methods may not capture an accurate medication 

exposure for each study participant.18 The prior antihypertensive drug-SNP interaction 

study from CHARGE was unable to identify any genome-wide significant signals for 

adverse cardiovascular outcomes, also possibly highlighting that there could have been 

some misclassification in the medication exposure variable.18 By using data from RCTs, our 

medication inventories were likely more accurate. However, it is possible we still had some 

misclassification of medication exposure due to participant nonadherence. Additionally, we 

were able to validate our genome-wide significant SNPs through BP-response validation. 

This analysis approach also relied on the careful phenotyping and BP measurement 

collection that occurs within clinical trials.23 The availability of appropriate replication 

cohorts in pharmacogenomic studies is often challenging due to the need for access to a 

large cohort, study, or RCT with similar eligibility criteria, drug exposure, phenotypic or 

outcome data, and genetic samples or existing genetic data.42 However, approaches similar 

to our validation strategy provide alternative methods to confirm top signals.43

We only observed significant associations within the β-blocker interaction analyses. 

Whereas many of the prior candidate gene and genome-spanning studies that investigate 

SNP-antihypertensive drug interactions with adverse cardiovascular outcomes have included 

β-blockers, 13,15 there have also been prior significant findings with CCBs,12,16,44 ACE 

inhibitors,16 and thiazide diuretics.14,16 Although this is the largest analysis to date using 

data from RCTs for these drugs classes, we remain underpowered for interaction analyses 

for ACE inhibitors and thiazide diuretics (power ~ 43% for an interaction OR = 3.0 

and a minor allele frequency = 25%). However, we were adequately powered (power ≥ 

80%) to detect significant interactions at minor allele frequencies ≥ 10% for β-blockers 

and CCBs. Yet, in order to increase our sample size, we combined dihydropyridine and 

non-dihydropyridine CCBs into the same class (CCB), thiazide and thiazide-like diuretics 

into the same class (thiazide/thiazide-like diuretics), and ACE inhibitors and ARBs into 

the same class (ACE-inhibitor/ARB). The subtle differences in mechanisms of action or 

structure between these subclasses could possibly play a larger role in the contribution 

to adverse cardiovascular outcomes. Further study in larger sample sizes is warranted 

to investigate these differences. Whereas pharmacogenomic signals may be difficult to 
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replicate, and interaction analyses require large sample sizes; pharmacogenomic studies can 

provide insight into both disease biology and mechanisms of drug response.45,46 These types 

of discoveries, as novel drug targets or new biomarkers, are needed as we continue to strive 

toward precision medicine.43,47

In conclusion, we conducted genome-wide association antihypertensive drug-SNP 

interaction analyses for β-blockers, CCBs, ACE inhibitor/ARBs, and thiazide/thiazide-like 

diuretics. We identified one locus on chromosome 11, near the NTM gene, with genome-

wide significant β-blocker treatment × SNP interactions. We found that the T allele 

of rs139945292 was associated with increased risk of adverse cardiovascular outcomes 

during β-blocker treatment and weaker SBP and DBP response after treatment with a 

β-blocker. Additionally, prior functional studies showed that the T allele of rs139945292 

was associated with higher expression of NTM in lung tissue. These data suggest that 

this locus and the NTM gene may mediate BP response to β-blockers and impact risk of 

adverse cardiovascular outcomes during β-blocker treatment. Future studies are needed to 

understand this mechanism, and further validate these findings.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

• There is great interpatient variability in antihypertensive drug response, and 

limited data available to guide treatment selection. Clinical factors, such 

as age, sex, race, smoking, history of cardiovascular disease, and several 

candidate genes, have been associated with adverse cardiovascular outcomes 

and various antihypertensive drugs.

WHAT QUESTION DID THIS STUDY ADDRESS?

• We sought to identify genome-wide significant variants influencing 

antihypertensive drug response and adverse cardiovascular outcomes.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

• We identified one locus on chromosome 11, near the NTM gene, 

with genome-wide significant β-blocker treatment × single nucleotide 

polymorphism interactions. We found that the T allele of rs139945292 was 

associated with increased risk of adverse cardiovascular outcomes during 

β-blocker treatment and weaker systolic and diastolic blood pressure response 

after treatment with a β-blocker.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?

• Our results suggest that the higher expression of NTM associated with the T 

allele at rs139945292 may weaken blood pressure response to β-blockers and 

increase risk of adverse cardiovascular outcomes during β-blocker treatment.
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Figure 1. 
Study framework for the discovery meta-analysis, replication analysis and validation 

analyses. ACCORD, Action to Control Cardiovascular Risk in Diabetes; ASCOT, Anglo-

Scandinavian Cardiac Outcomes Trial; BP, blood pressure; CCB, calcium channel blocker; 

CV, cardiovascular; GenHAT, Genetics of Hypertension Associated Treatment; GWAS, 

genome-wide association study; ICAPS, International Consortium for Antihypertensive 

Pharmacogenomics Studies; INVEST, International Verapamil SR-Trandolapril Study; QC, 

quality control; SNP, single nucleotide polymorphism; SPS3, Secondary Prevention of Small 

Subcortical Strokes.
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Figure 2. 
Antihypertensive drug × SNP interaction and cardiovascular outcomes genome-wide 

association study (GWAS) results by drug. (a) β-blocker. (b) Calcium channel blocker 

(CCB). (c) ACE-inhibitor/ARB. (d) Thiazide/Thiazide-like diuretic. Cardiovascular 

outcomes defined as myocardial infarction, stroke, or death.
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Figure 3. 
Forest plot for each discovery study and meta-analysis results of association with 

rs139945292 and cardiovascular outcomes in β-blocker (βB) and non-β-blocker (non-βB). 

Cardiovascular outcomes defined as myocardial infarction, stroke, or death. Odds ratios and 

95% confidence intervals for adverse cardiovascular outcomes per T allele of rs139945292. 

ACCORD, Action to Control Cardiovascular Risk in Diabetes; ASCOT, Anglo-Scandinavian 

Cardiac Outcomes Trial; INVEST, International Verapamil SR-Trandolapril Study; SPS3, 

Secondary Prevention of Small Subcortical Strokes.
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