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Background-—Resistant hypertension (RHTN), defined by lack of blood pressure (BP) control despite treatment with at least 3
antihypertensive drugs, increases cardiovascular risk compared with controlled hypertension. Yet, there are few data on genetic
variants associated with RHTN.

Methods and Results-—We used a gene-centric array containing �50 000 single-nucleotide polymorphisms (SNPs) to identify
polymorphisms associated with RHTN in hypertensive participants with coronary artery disease (CAD) from INVEST-GENES (the
INnternational VErapamil-SR Trandolapril STudy—GENEtic Substudy). RHTN was defined as BP≥140/90 on 3 drugs, or any BP on 4
or more drugs. Logistic regression analysis was performed in European Americans (n=904) and Hispanics (n=837), using an
additive model adjusted for age, gender, randomized treatment assignment, body mass index, principal components for ancestry,
and other significant predictors of RHTN. Replication of the top SNP was conducted in 241 European American women from WISE
(Women’s Ischemia Syndrome Evaluation), where RHTN was defined similarly. To investigate the functional effect of rs12817819,
mRNA expression was measured in whole blood. We found ATP2B1 rs12817819 associated with RHTN in both INVEST European
Americans (P-value=2.44910�3, odds ratio=1.57 [1.17 to 2.01]) and INVEST Hispanics (P=7.69910�4, odds ratio=1.76 [1.27 to
2.44]). A consistent trend was observed at rs12817819 in WISE, and the INVEST-WISE meta-analysis result reached chip-wide
significance (P=1.60910�6, odds ratio=1.65 [1.36 to 1.95]). Expression analyses revealed significant differences in ATP2B1
expression by rs12817819 genotype.

Conclusions-—The ATP2B1 rs12817819 A allele is associated with increased risk for RHTN in hypertensive participants with
documented CAD or suspected ischemic heart disease.

Clinical Trial Registration-—URL: www.clinicaltrials.gov; Unique identifiers: NCT00133692 (INVEST), NCT00000554 (WISE).
( J Am Heart Assoc. 2014;3:e001398 doi: 10.1161/JAHA.114.001398)
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R esistant hypertension (RHTN) is a clinical condition that
is commonly defined as requiring at least 4 antihyper-

tensive agents to achieve blood pressure (BP) control.1

According to the National Health and Nutrition Examination

Survey, the prevalence of RHTN in the United States was
estimated at 12.8% of the treated adult hypertension (HTN)
population,2 and similar estimates have been seen in the
Anglo-Scandinavian Cardiac Outcome Trial (13%),3 and The
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Women’s Ischemia Syndrome Evaluation (WISE) study
(10.4%).4 However, estimates in other high-risk HTN popula-
tions have been much higher.

In the INternational VErapamil SR Trandolapril STudy
(INVEST), which included participants with HTN and coronary
artery disease, the prevalence of RHTN was estimated at
38%.5 Predictors of RHTN in INVEST included heart failure,
diabetes, renal insufficiency, prior stroke or transient ische-
mic attack, left-ventricular hypertrophy, percutaneous inter-
vention, and peripheral vascular disease.5 Also, when
compared to INVEST participants with controlled HTN, RHTN
participants had a higher risk of adverse cardiovascular
outcomes (first occurrence of all-cause death, nonfatal
myocardial infarction, or nonfatal stroke).5 These findings
agree with those from other studies, where RHTN patients
showed a higher prevalence of target organ damage,
including cardiac, vascular, and renal,6 and an increase in
cardiovascular risk compared to nonresistant HTN
patients.7,8

Large studies have been conducted to address the
association of genetic polymorphisms with hypertension,9,10

as well as with responses to antihypertensive drugs.11,12

However, there are limited data on the role of genetic factors
in RHTN. The present study sought to identify genetic variants
associated with RHTN in INVEST-GENEtic Substudy (INVEST-
GENES) participants, using a gene-centric array with coverage
of �50 000 single-nucleotide polymorphisms (SNPs) in
�2100 genes implicated in cardiovascular, inflammatory,
and metabolic processes,13 and to replicate the top finding in
participants from the WISE study.

Methods

Study Participants
INVEST-GENES collected DNA samples from 5979 INVEST
participants who had clinically stable coronary artery
disease and hypertension and who were residing in the
United States and Puerto Rico. The participants provided
written informed consent to participate in INVEST and
INVEST-GENES. The study was approved by an ethics
committee for all participating study sites, and was
conducted in accordance with the Declaration of Helsinki
and the U.S. Code of Federal Regulations for Protection of
Human Subjects. The methods and results of INVEST have
been previously published.14 Briefly, participants were
randomly assigned to verapamil-SR-based or atenolol-based
treatment strategies and were followed with protocol visits
every 6 weeks for the first 6 months and every 6 months
until the last participant was enrolled. In participants who
did not achieve BP goal, hydrochlorothiazide and trandolapril
were added to the drug regimen in a protocol-defined

manner, and finally nonstudy antihypertensive drugs were
included for BP control. BP was defined in INVEST as the
mean of 2 sitting cuff BP measurements, and was taken at
randomization and each follow-up visit.15 The measurements
followed the routine clinical standards outlined by the Joint
National Committee 6 (JNC6).16

In INVEST, RHTN status was defined using BP values and
information on antihypertensive agents from the visit prior to
event (all-cause death, nonfatal myocardial infarction, or
nonfatal stroke) or censoring. Participants were considered to
have RHTN if BP was ≥140/90 mm Hg despite use of at least
3 antihypertensive agents, or BP was controlled (<140/90)
when 4 or more antihypertensives were used. Controls were
defined as controlled hypertensive participants (HTN) who had
controlled BP (BP <140/90 mm Hg) on 0 to 3 antihyperten-
sive medications. Those who were uncontrolled, but on <3
antihypertensive medications were excluded from analysis.
Additionally, sensitivity analyses were performed with the top
SNPs using a more narrow definition of RHTN: BP ≥140/
90 mm Hg despite use of at least 3 antihypertensive agents
including a diuretic, or BP was controlled (<140/90) with the
use of 4 or more antihypertensive agents, including a diuretic.
Prior analyses in INVEST have shown that using the more
narrow definition of RHTN did not change the association
between RHTN and poorer outcomes.5

The WISE study, which sought to address ischemic heart
disease recognition and diagnosis in women, included women
over 18 years of age who were undergoing a clinically
indicated coronary angiogram for chest pain symptoms or
suspected myocardial ischemia.17 WISE participants provided
written informed consent. BP was measured in WISE in clinic
settings, and measurements were conducted using the
guidelines laid out by the Joint National Committee 6.16 In
WISE, apparent treatment-resistant hypertension (RHTN) and
controlled HTN were defined using the same criteria that were
used in INVEST based on BP values and information on
antihypertensive use at study entry.4

Genotyping

INVEST

Genomic DNA was extracted from buccal cells collected in
mouthwash samples according to standard protocols.18 All
1741 INVEST-GENES participants were successfully geno-
typed on the HumanCVD Genotyping BeadChip (Illumina, San
Diego, CA), a gene-centric array containing �50 000 SNPs
in �2100 genes associated with cardiovascular, inflamma-
tory, and metabolic processes.13 Genotypes were called
using GenomeStudio software version 2011.1 and Genotyp-
ing Module version 1.9 calling algorithm (Illumina, San
Diego, CA).
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WISE

DNA from 507 European American, non-Hispanic women in
the WISE study was isolated from whole blood and was
genotyped on the Illumina Cardio-Metabochip.19

Quality Control

INVEST

Samples were excluded if call rates were <95% and SNPs
were excluded if call rates were <90%. Sample contamination
was assessed by sex mismatches using X-chromosome data
and through heterozygosity analysis, and cryptic relatedness
was estimated by pairwise identity-by-descendent analysis in
PLINK (http://pngu.mgh.harvard.edu/~purcell/plink/). Prin-
cipal component analysis was performed with a linkage
disequilibrium pruned data set using the EINGENSTRAT
method.20 Principal components 1, 2, and 3 provided the
best separation of ancestry clusters in the INVEST data and
were used as covariates in the subsequent analysis.

WISE

Standard quality-control procedures were applied, using
similar steps as outlined in INVEST. Following a principal
component analysis, principal component 1 explained the
most variance in the WISE data set and was used as a
covariate in the analysis.

Statistical Analysis
Association of genotyped SNPs, calculated as adjusted odds
ratios (OR) and 95% CI, with RHTN was tested with multiple
logistic regression analysis in INVEST European American and
Hispanic race/ethnicity groups separately, under an additive
genetic model using PLINK (http://pngu.mgh.harvard.edu/
purcell/plink/).21 Analyses were adjusted for variables that
were associated with risk of RHTN in the overall INVEST
cohort5: age, gender, body mass index, and history of
diabetes, heart failure, myocardial infarction, stroke, left
ventricular hypertrophy, peripheral vascular disease, and
treatment assignment and additional covariates for the
genetic substudy: 3 principal components for ancestry. A
sensitivity analysis was also conducted adding mean follow-up
time as an additional covariate. Meta-analysis with INVEST
European American and Hispanic race/ethnicity groups was
performed using METAL software under a fixed-effects model,
weighting by sample size.22 Meta OR and 95% CI were
calculated by Comprehensive Meta-Analysis software (http://
www.meta-analysis.com/, Biostat, Englewood, NJ). Hardy-
Weinberg Equilibrium was calculated separately by race/
ethnicity using PLINK software. A statistical threshold of

P=2.6910�6 was used, which accounts for the �20 500
independent tests in Europeans (after accounting for linkage
disequilibrium), for a false-positive rate of 5%.23 In the INVEST-
GENES RHTN case–control cohort, we had 82% power to
detect an OR of 1.70 for RHTN, at P=2.6910�6 and a minor
allele frequency of 0.15 using an additive model.

Association of the top RHTN signal in INVEST was tested in
WISE using logistic regression analysis with PLINK, under an
additive genetic model.21 The following covariates were
included in the adjusted model: age, body mass index, 1
principal component for ancestry, and history of diabetes,
heart failure, myocardial infarction, stroke, and peripheral
vascular disease. The clinical covariates were added for
consistency with the INVEST model, and the number of
principal components were selected in each study based on
those principal components that best defined the main
ancestry cluster(s). Meta-analysis for rs12817819 between
INVEST European Americans, INVEST Hispanics, and WISE
European Americans was conducted using METAL under a
fixed-effects model, weighting by sample size,22 with meta OR
and 95% CIs calculated using Comprehensive Meta-Analysis
software.

Quantitative Analysis of ATP2B1 Expression
According to rs12817819 Genotype
To address the functional implications of ATP2B1, expres-
sion of ATP2B1 was measured in 45 European American
hypertensive participants from the Pharmacogenomic Eval-
uation of Antihypertensive Responses Study (PEAR, clinical-
trials.gov NCT00246519). These 45 participants were
selected based on rs12817819 genotype. The design of
the PEAR study has been previously published.24 Briefly,
PEAR included participants between the ages of 17 and 65
with mild-to-moderate hypertension. After washout, study
participants were randomized to receive hydrochlorothiazide
12.5 mg or atenolol 50 mg daily. If BP remained >120/
70 mm Hg after 3 weeks of treatment, doses were titrated
to hydrochlorothiazide 25 mg or atenolol 100 mg daily, and
treatment was continued for an additional 6 weeks. The
other agent was then added based on BP >120/70 mm Hg,
with similar dose titration for 6 to 9 weeks of combination
treatment.

For this analysis, RNA was isolated from whole blood after
combination therapy using the PAXgene Blood RNA Kit IVD
(Qiagen, Valencia, CA) and converted to cDNA. This time point
was chosen to best represent treatment conditions in RHTN
cases who are taking multiple antihypertensive agents. Gene
expression was measured by quantitative real-time reverse
transcription polymerase chain reaction with the Taqman
7900HT RealTime PCR System and Taqman Gene Expression
Assays (Applied Biosystems, Foster City, CA). Relative gene
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expression was calculated using the 2�DCt method,25 and
expression levels were normalized to the reference gene b-2-
microglobulin. Expression levels between genotype groups
(AA+AG versus GG) were compared after combination therapy
using an unpaired t test. The significance threshold was set at
P<0.05.

Results
The baseline characteristics of the INVEST-GENES European
American and Hispanic groups, according to BP status, are
summarized in Table 1. Overall, of the 1741 participants,
29.6% met criteria for RHTN, with 31.1% of European
American participants (n=281), and 28.1% of Hispanic
participants (n=235) classified as RHTN. The RHTN group in
both race/ethnic subgroups had a higher prevalence of
diabetes, left ventricular hypertrophy and peripheral vascular
disease, and on average were overweight. The systolic blood
pressure prior to event or censoring among the RHTN groups
was �16 to 18 mm Hg higher than for the controlled HTN
groups (Table 2). Antihypertensive drug use according to drug
class is also presented in Table 2. For both race/ethnicity

groups, the RHTN groups were using a significantly higher
number of antihypertensive drugs than the controlled HTN
groups. Additionally, mean follow-up time is shown in Table 2.
In European Americans, there were no differences between
the RHTN group and the controlled HTN group in follow-up
times. However, in Hispanics there was a significant differ-
ence between the groups in follow-up time, with Hispanic
RHTN participants’ follow-up time an average of 3.6 months
shorter.

After quality-control procedures, 45 573 SNPs were
included in the association analysis with RHTN in European
Americans and Hispanics in INVEST-GENES. While no SNPs
achieved the statistical threshold of P-value=2.6910�6 in
European Americans or Hispanics, in European Americans we
found 37 SNPs with a P-value<10�3 and 5 SNPs with P-value
<10�4, and in Hispanics, we found 32 SNPs with a P-
value<10�3 and 3 SNPs with a P-value<10�4. Meta-analysis
of the European American and Hispanic race/ethnic groups
yielded 1 SNP with a P-value<10�5 and 6 SNPs with a P-
value<10�4, all of them with effects in the same direction in
both race/ethnic groups (Table 3). Allele frequency, genotype
counts, and Hardy-Weinberg equilibrium data for the top
signals are shown in Table 4.

Table 1. Baseline Characteristics of European American and Hispanic INVEST-GENES Participants According to BP Status

Baseline Characteristics

European Americans (n=904) Hispanics (n=837)

Controlled HTN (n=623) RHTN (n=281) Controlled HTN (n=602) RHTN (n=235)

Age, y, mean�SD 68.9�9.8 69.8�9.0 65.5�10.3 65.8�10.1

Gender (female) 265 (42.5%) 138 (49.1%) 381 (63.3%) 154 (65.5%)

BMI, kg/m², mean�SD 28.5�5.5 29.4�5.5* 28.6�5.0 29.3�5.3

Baseline SBP, mm Hg, mean�SD 146.6�16.9 152.3�19.5* 147.1�18.6 150.6�19.1†

Baseline DBP, mm Hg, mean�SD 82.6�10.1 81.7�10.8 87.3�9.7 87.9�11.7

Treatment arm b-blocker 307 (49.3%) 152 (54.1%) 299 (49.7%) 130 (55.3%)

History of:

Diabetes‡ 89 (14.3%) 64 (22.8%)* 76 (12.6%) 56 (23.8%)†

Heart failure (class I to III) 35 (5.6%) 16 (5.7%) 11 (1.8%) 10 (4.2%)†

Myocardial infarction 227 (36.4%) 108 (38.4%) 45 (7.5%) 32 (13.6%)†

Renal insufficiency§ 21 (3.4%) 11 (3.9%) 4 (0.7%) 1 (0.4%)

Stroke/TIA 52 (8.4%) 30 (10.7%) 20 (3.3%) 14 (6.0%)

Left ventricular hypertrophy 68 (10.9%) 46 (16.4%)* 77 (12.8%) 45 (19.1%)†

Peripheral vascular disease 51 (8.2%) 36 (12.8%)* 52 (8.6%) 34 (14.5%)†

Percutaneous coronary intervention 181 (29.1%) 68 (24.2%) 11 (1.8%) 5 (2.1%)

Smoking (ever) 317 (50.9%) 137 (48.8%) 200 (33.2%) 67 (28.5%)

Numbers represent n (%), unless otherwise specified. BMI indicates body mass index; BP, blood pressure; DBP, diastolic blood pressure; HTN, hypertension; INVEST-GENES, INternational
VErapamil SR Trandolapril Study–GENEtic Substudy; RHTN, resistant hypertension; SBP, systolic blood pressure; TIA, transient ischemic attack.
*P≤0.05 compared to Controlled HTN European Americans.
†P≤0.05 compared to Controlled HTN Hispanics.
‡History of or currently taking antidiabetic agent at baseline.
§History of or currently have elevated serum creatinine level but < 4 mg/dL.
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The top signal in the INVEST European American–Hispanic
meta-analysis was rs12817819 in intron 1 of ATP2B1 (ATPase,
Ca++ transporting, plasma membrane 1). There was a 57% to
76% increase in risk for RHTN for each additional copy of the A
allele at rs12817819 (European American OR [95% CI]=1.57
[1.17 to 2.01]; P-value=2.44910�3, and Hispanic OR [95% CI]
=1.76 [1.27 to 2.44]; P-value=7.69910�4), with the meta-
analysis P-value=6.31910�6, and OR (95% CI)=1.63 (1.29 to
1.98) (Table 3, Figure 1). The minor allele frequency (A allele)

in European Americans and Hispanics was 0.129 and 0.112,
respectively (Table 3).

There were 5 other SNPs from the INVEST European
American–Hispanic meta-analysis with P-values <1910�4

(Table 3). These included rs324498 in PTPRD (protein
tyrosine phosphatase, receptor type, D), rs2307023 down-
stream of KCNJ8 (potassium inwardly rectifying channel,
subfamily J, member 8), rs2299260 in PON1 (paraoxonase
1), and 2 SNPs (rs12314380 and rs10047560) at the

Table 2. BP, Antihypertensive Use, and Mean Follow-Up Time in INVEST-GENES Participants at Visit Prior to Event or Censoring

European Americans (n=904) Hispanics (n=837)

Controlled HTN (n=623) RHTN (n=281) Controlled HTN (n=602) RHTN (n=235)

SBP, mm Hg, mean�SD 125.8�9.4 141.0�18.1* 123.6�8.6 142.2�16.2†

DBP, mm Hg, mean�SD 73.4�7.5 77.0�11.3* 76.1�6.5 83.1�10.1†

Number of antihypertensive drugs, mean�SD 2.2�0.8 3.6�0.5* 2.1�0.8 3.5�0.5†

Class of antihypertensive drugs

Calcium channel blocker 233 (37.4%) 106 (37.7%) 246 (40.9%) 94 (40%)

b-blocker 262 (42.1%) 153 (54.5%)* 253 (42.0%) 133 (56.6%)†

Thiazide diuretic 380 (61%) 251 (89.2%)* 340 (56.5%) 214 (91.1%)†

ACE inhibitor 376 (60.4%) 256 (91.1%)* 333 (55.3%) 220 (93.6%)†

Others 73 (11.7%) 131 (46.6%)* 38 (6.3%) 73 (31.1%)†

Mean follow-up time, years, mean�SD 2.9�0.9 2.8�1.0 2.5�0.5 2.2�0.6†

Numbers represent n (%), unless otherwise specified. ACE indicates angiotensin-converting enzyme; BP, blood pressure; DBP, diastolic blood pressure; HTN, hypertension; INVEST-GENES,
INternational VErapamil SR Trandolapril Study–GENEtic Substudy; RHTN, resistant hypertension; SBP, systolic blood pressure.
*P≤0.05 compared to Controlled HTN European Americans.
†P≤0.05 compared to Controlled HTN Hispanics.

Table 3. Association Results for RHTN in INVEST-GENES Participants by Race/Ethnicity

SNP Chr Position
Nearest
Gene

Minor
Allele Race MAF OR (95% CI) P Value

Meta-Analysis
OR (95% CI)

Meta-Analysis
P value

rs12817819 12 88 563 457 ATP2B1 A EA 0.129 1.57 (1.17 to 2.01) 0.0024 1.63 (1.29 to 1.98) 6.31E-06

Hispanic 0.112 1.76 (1.27 to 2.44) 7.69E-04

rs324498 9 9 049 545 PTPRD G EA 0.171 1.50 (1.15 to 1.96) 0.0032 1.51 (1.26 to 1.75) 1.34E-05

Hispanic 0.273 1.51 (1.17 to 1.94) 0.0013

rs2307023 12 21 804 552 KCNJ8 C EA 0.410 1.42 (1.15 to 1.75) 0.0012 1.42 (1.21 to 1.62) 1.63E-05

Hispanic 0.367 1.41 (1.11 to 1.77) 0.0044

rs12314380 12 20 519 183 PDE3A A EA 0.020 3.88 (1.95 to 7.70) 1.09E-04 1.51 (1.10 to 1.92) 4.35E-05

Hispanic 0.111 1.40 (0.98 to 2.00) 0.0609

rs2299260 7 94 787 473 PON1 G EA 0.183 1.50 (1.15 to 1.95) 0.0026 1.46 (1.21 to 1.70) 8.19E-05

Hispanic 0.191 1.42 (1.08 to 1.86) 0.0109

rs10047560 12 20 496 483 PDE3A A EA 0.019 3.52 (1.75 to 7.09) 4.28E-04 1.57 (1.14 to 2.00) 8.79E-05

Hispanic 0.108 1.45 (1.01 to 2.08) 0.0460

SNPs ID and chromosomal positions are based on NCBI build 36. Chr indicates chromosome; EA, European American; INVEST-GENES, INternational VErapamil SR Trandolapril
Study–GENEtic Substudy; MAF, minor allele frequency; OR, odds ratio; RHTN, resistant hypertension; SNP, single-nucleotide polymorphism.
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PDE3A (phosphodiesterase 3A, cGMP-inhibited) locus. These
SNPs showed a 40% to 388% increase in risk for RHTN for
each additional copy of the risk allele (Table 3).

In sensitivity analysis, after removal of 30 European
American RHTN cases and 21 Hispanic RHTN cases
who were not taking a diuretic, the SNP-RHTN associa-
tions remained broadly similar (Table 5). Also, another
sensitivity analysis, adjusting for mean follow-up time, had

very little effect on the SNP-RHTN association results
(Table 6).

In order to replicate our top signal, ATP2B1 rs12817819,
we investigated the association of this SNP with RHTN in
the WISE RHTN cohort. The baseline characteristics for the
European American WISE RHTN (n=31) and Controlled BP
(n=209) groups are shown in Table 7. Overall, the WISE
participants with RHTN were older than those with
controlled BP and had a higher prevalence of peripheral
vascular disease. We observed a consistent trend with
rs12817819 and RHTN in WISE (1-sided P-value=0.1044,
OR [95% CI]=1.73 (0.74 to 4.04), Figure 1). On meta-
analysis of INVEST European Americans, INVEST Hispanics,
and WISE European Americans, we reached chip-wide
significance with a P-value=1.60910�6 and OR (95% CI)
=1.65 (1.36 to 1.95), Figure 1. Genotype-specific ORs at
rs12817819 are shown in Figure 2. This SNP showed no
evidence of heterogeneity across the 3 studies (I2=0%,
P-value=0.9485).

Gene expression of ATP2B1 by rs12817819 genotype was
measured in 45 European Americans from the PEAR study: GG
(n=23), AG (n=21), and AA (n=1). A allele carriers (AG+AA),
the allele associated with increased RHTN risk, had a
significantly lower expression of ATP2B1 when compared to
GG homozygotes (P=0.0343, Figure 3).

Table 4. Genotype Frequencies and Hardy-Weinberg Equilibrium P Values in INVEST and WISE

Marker

Alleles

MAF
Genotype Frequencies
(mm/mM/MM)

Hardy-Weinberg
Equilibrium P ValueMinor (m) Major (M)

INVEST European American

rs12817819 A G 0.129 18/198/688 0.3770

rs324498 G A 0.171 23/263/617 0.4819

rs2307023 C A 0.410 151/436/313 1

rs12314380 A G 0.020 0/37/867 1

rs2299260 G A 0.183 26/279/599 0.3751

rs10047560 A G 0.019 0/35/868 1

INVEST Hispanic

rs12817819 A G 0.112 14/159/664 0.2210

rs324498 G A 0.273 61/334/441 0.9305

rs2307023 C A 0.367 107/399/329 0.4564

rs12314380 A G 0.111 10/166/661 1

rs2299260 G A 0.191 32/256/549 0.7378

rs10047560 A G 0.108 6/169/662 0.2110

WISE

rs12817819 A G 0.113 2/50/188 0.7479

INVEST, INternational VErapamil SR Trandolapril Study; MAF indicates minor allele frequency; WISE, Women’s Ischemia Syndrome Evaluation.

Figure 1. Adjusted odds ratios and 95% CIs for resistant
hypertension risk for ATP2B1 rs12817819 in INternational
VErapamil SR Trandolapril STudy (INVEST) European Americans
(EA), INVEST Hispanics, The Women’s Ischemia Syndrome
Evaluation (WISE) study, and meta-analysis.
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Discussion
To the best of our knowledge, this is the first study to
investigate the genetic association of a large number of SNPs
with RHTN using data from a clinical trial. In a gene-centric
analysis, we found that rs12817819 in ATP2B1 was strongly
associated with RHTN in both European American and

Hispanic race/ethnic groups in INVEST, and a consistent
trend was observed in a cohort of European American women
from the WISE study. Additionally, meta-analysis of all 3
groups yielded chip-wide significance.

Prior studies have reported robust associations at the
ATP2B1 locus with systolic and diastolic BP, as well as with
hypertension in genome-wide and gene-centric studies.9,10,26

Table 5. Sensitivity Analyses of the Top SNPs Associated With RHTN in INVEST-GENES, After Removing INVEST-GENES RHTN
Cases That Were Not on a Diuretic

SNP Chr Position
Nearest
Gene

Minor
Allele Race MAF OR (95% CI) P Value

Meta-Analysis
OR (95% CI)

Meta-Analysis
P Value

rs12817819 12 88 563 457 ATP2B1 A EA 0.126 1.55 (1.13 to 2.11) 0.0059 1.68 (1.35 to 2.01) 4.53E-06

Hispanic 0.113 1.90 (1.36 to 2.66) 1.76E-04

rs324498 9 9 049 545 PTPRD G EA 0.170 1.53 (1.15 to 2.03) 0.0032 1.56 (1.30 to 1.82) 6.23E-06

Hispanic 0.273 1.58 (1.22 to 2.04) 5.60E-04

rs2307023 12 21 804 552 KCNJ8 C EA 0.408 1.41 (1.13 to 1.75) 0.0021 1.43 (1.23 to 1.64) 1.47E-05

Hispanic 0.368 1.46 (1.15 to 1.87) 0.0022

rs12314380 12 20 519 183 PDE3A A EA 0.021 4.53 (2.27 to 9.03) 1.79E-05 1.45 (1.03 to 1.86) 3.19E-05

Hispanic 0.110 1.34 (0.92 to 1.95) 0.1220

rs2299260 7 94 787 473 PON1 G EA 0.179 1.42 (1.07 to 1.87) 0.0139 1.43 (1.18 to 1.67) 4.68E-04

Hispanic 0.190 1.43 (1.08 to 1.89) 0.0128

rs10047560 12 20 496 483 PDE3A A EA 0.020 4.12 (2.04 to 8.34) 8.11E-05 1.57 (1.13 to 2.01) 2.93E-05

Hispanic 0.108 1.45 (1.00 to 2.12) 0.0530

SNP ID and chromosomal positions are based on NCBI build 36. Chr indicates chromosome; EA, European American; INVEST-GENES, INternational VErapamil SR Trandolapril Study–
GENEtic Substudy; MAF, minor allele frequency; OR, odds ratio; RHTN, resistant hypertension; SNP, single-nucleotide polymorphism.

Table 6. Sensitivity Analyses of the Top SNPs Associated With RHTN in INVEST-GENES, After Adding Mean Follow-Up Time as an
Additional Covariate

SNP Chr Position
Nearest
Gene

Minor
Allele Race MAF OR (95% CI) P Value

Meta-Analysis
OR (95% CI)

Meta-Analysis
P Value

rs12817819 12 88 563 457 ATP2B1 A EA 0.129 1.57 (1.17 to 2.10) 0.0024 1.69 (1.47 to 1.91) 2.54E-06

Hispanic 0.112 1.85 (1.33 to 2.58) 2.86E-04

rs324498 9 9 049 545 PTPRD G EA 0.171 1.50 (1.15 to 1.97) 0.0031 1.50 (1.32 to 1.69) 1.78E-05

Hispanic 0.273 1.50 (1.16 to 1.94) 0.0019

rs2307023 12 21 804 552 KCNJ8 C EA 0.410 1.41 (1.15 to 1.74) 0.0013 1.44 (1.28 to 1.60) 5.82E-06

Hispanic 0.367 1.48 (1.16 to 1.88) 0.0015

rs12314380 12 20 519 183 PDE3A A EA 0.020 3.95 (1.99 to 7.86) 8.99E-05 1.96 (1.65 to 2.28) 3.39E-05

Hispanic 0.111 1.42 (0.99 to 2.04) 0.0563

rs2299260 7 94 787 473 PON1 G EA 0.183 1.51 (1.16 to 1.97) 0.0026 1.52 (1.33 to 1.71) 1.99E-05

Hispanic 0.191 1.52 (1.15 to 2.01) 0.0029

rs10047560 12 20 496 483 PDE3A A EA 0.019 3.62 (1.79to 7.31) 3.35E-04 1.93 (1.60 to 2.26) 6.50E-05

Hispanic 0.108 1.47 (1.01 to 2.12) 0.0421

SNP ID and chromosomal positions are based on NCBI build 36. Chr indicates chromosome; EA, European American; INVEST-GENES, INternational VErapamil SR Trandolapril Study–
GENEtic Substudy; MAF, minor allele frequency; OR, odds ratio; RHTN, resistant hypertension; SNP, single-nucleotide polymorphism.
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A 17% increase in the odds for hypertension per risk allele for
rs2681472 was estimated in �29 000 participants from the
CHARGE consortium.9 Additionally, another SNP at the
ATP2B1 locus (rs7136259) was associated with coronary
artery disease in a Chinese population.27 The SNP in this
report, rs12817819, is not in linkage disequilibrium with
rs2681472 (r2=0.01), and the BP/HTN GWAS SNPs were not
associated with RHTN in our study. ATP2B1 is located at
12q21.3 region and encodes a plasma membrane calcium/
calmodulin-dependent ATPase that plays an important role in
intracellular calcium homeostasis and smooth muscle cell
contraction.

The ATP2B1 protein is expressed in several human
tissues,28 and higher mRNA levels were reported in smooth

muscle cells of spontaneously hypertensive rats.29 Other
studies suggest an inverse relationship between ATP2B1
expression and BP levels. Atp2b1 knockout mice have shown
reduced expression of Atp2b1 in vascular smooth muscle
cells, which was associated with elevated BP.30,31 The latter
scenario is in line with our results; we observed that the A
allele at rs12817819 was associated with lower expression of
ATP2B1 and was associated with RHTN. Since calcium is a key
element in smooth muscle and cardiac contraction, it is
reasonable that disequilibrium in calcium homeostasis could
affect BP response to antihypertensive drugs, and in turn,
could affect RHTN.

We also observed associations with RHTN in INVEST
European Americans and INVEST Hispanics at rs324498
(PTPRD), rs2307023 (KCNJ8), rs12314380 and rs10047560
(PDE3A), and rs2299260 (PON1). PTPRD (protein tyrosine
phosphatase, receptor type, D) is located on chromosome
9p23 and encodes a signaling molecule that regulates cell
growth, differentiation, and the cell cycle. Variation in the
PTPRD gene was previously associated with susceptibility for
type 2 diabetes,32 and coronary artery disease.33 rs2307023
is an intergenic variation and the closest gene is KCNJ8
(potassium inwardly rectifying channel, subfamily J, member
8), which encodes for a protein that promotes vascular
relaxation when activated.34 We also found association with 2
intronic SNPs in PDE3A. PDE3A (phosphodiesterase 3A,
cGMP-inhibited) encodes an enzyme that hydrolyzes cAMP
and cGMP, and regulates intracellular cyclic nucleotide
signals, such as vascular muscle contraction and relaxation.
PDE3A variants have been associated with aortic root
diameter in a meta-analysis of 5 cohorts.35 Finally,

Table 7. WISE Baseline Characteristics

Characteristics Controlled HTN (n=209) RHTN (n=31)

Age, y, mean�SD 58.2�11.7 65.5�10.5*

BMI, kg/m2, mean�SD 28.6�8.1 28.0�8.3

SBP, mm Hg, mean�SD 122.4�12.2 152.7�17.4*

DBP, mm Hg, mean�SD 71.6�9.2 77.0�13.1*

History of:

Diabetes 51 (24.4) 12 (38.7)

Heart failure 9 (4.3) 2 (6.5)

Myocardial infarction 6 (2.9) 1 (3.2)

Stroke 9 (4.3) 1 (3.2)

PVD 10 (4.8) 6 (19.4)*

Smoking 119 (56.9) 14 (45.2)

Numbers represent n (%), unless otherwise specified. BMI indicates body mass index;
DBP, diastolic blood pressure; HTN, hypertension; PVD, peripheral vascular disease;
RHTN, resistant hypertension; SBP, systolic blood pressure; WISE, WISE, Women’s
Ischemia Syndrome Evaluation.
*P≤0.05 compared to controlled HTN participants.

Figure 2. Genotype-specific odds ratios and 95% CI for resis-
tant hypertension risk for ATP2B1 rs12817819 in INternational
VErapamil SR Trandolapril STudy (INVEST) European Americans
(EA), INVEST Hispanics, and The Women’s Ischemia Syndrome
Evaluation (WISE). WISE AA genotype specific odds ratio and 95%
CI was unestimable due to low genotype count (n=2).

Figure 3. Relative gene expression of ATP2B1 by rs12817819
genotype in 45 European Americans (EA) from the Pharmacog-
enomic Evaluation of Antihypertensive Responses study. Expres-
sion data are normalized to b-2-microglobulin. Error bars indicate
standard error.
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rs2299260 is an intronic SNP in PON1 (paraoxonase 1). PON1
is an enzyme that hydrolyzes paroxon to produce p-nitrophe-
nol, whose enzyme activity has been correlated with athero-
sclerosis.36 Additionally, variants in PON1 have mixed
evidence of association with many phenotypes including
coronary heart disease,37,38 and ischemic stroke.39,40

There are no functional data on the possible effects that
these SNPs may have on transcriptional regulation or protein
function. The true causal variants in these regions may be
other SNPs that were not covered on our array, and the
observed association may be explained by the linkage
disequilibrium between these SNPs and the possible untyped
causal variants.

Overall, our findings suggest that variations in genes
related to vascular tone regulation are associated with greater
risk for RHTN. Genetic variations disturbing biochemical
pathways involved in vasodilation may affect BP response to
antihypertensive agents. Additionally, impaired vasodilation
may explain the resistance to multiple antihypertensive
agents that is observed in RHTN. In fact, it has been shown
that vascular damage, such as arterial stiffness, endothelial
dysfunction, and increased carotid intima-media thickness, is
a common characteristic of patients with RHTN.6,41,42

While this is the first study to investigate the genetic
association of a large number of SNPs with RHTN using data
from a clinical trial, other studies have explored the genetics
of RHTN. In particular, GenHAT studied 78 candidate gene
polymorphisms for association with RHTN.43 The adverse

outcomes associated with RHTN were very similar between
INVEST5 and GenHAT;43 however, the genetic association
findings from GenHAT were not among our top signals
reported here. This could be due to the differences in the time
point used to define RHTN status, the differences in control
definition, and/or the differences in diuretic use in the RHTN
cases between the 2 studies (INVEST �90% of RHTN cases
were on a diuretic versus 53% to 60% in GenHAT).43

This is the first genome-spanning genetic association study
of RHTN in a large clinical trial, where RHTN has been well
defined.5 However, there are some limitations to our study
worthy of mention. First, our findings are restricted to
European American and Hispanic race/ethnic groups, and
thus cannot be generalized to other race/ethnic groups.
Furthermore, our study utilized data from a genome-spanning
gene chip, and not a genome-wide chip; thus, it is very likely
there are additional signals for RHTN that were not included
here. Also, medication adherence data were not collected in
INVEST. Therefore we cannot discount the possibility that
some participants with pseudoresistant HTN may have been
classified as a RHTN case. Additionally, while we observed a
consistent trend for association with rs12817819 and RHTN
in WISE, a significant replication was not observed. This could
be due to the differences in gender between INVEST (males
and females) and WISE (all female). In fact, when analysis at
rs12817819 was conducted by gender in INVEST, males
showed stronger evidence of association with RHTN com-
pared to females (Table 8). Finally, it is important to note that

Table 8. Association Results of the Top SNP Associated With RHTN in INVEST-GENES, ATP2B1 rs12817819, by Gender in INVEST-
GENES

Gender Minor Allele Race n MAF OR (95% CI) P Value Meta-Analysis OR (95% CI) Meta-Analysis P Value

Males A EA 501 0.124 1.70 (1.14 to 2.55) 0.0093 1.77 (1.44 to 2.10) 6.16E-04

Hispanic 302 0.119 1.91 (1.08 to 3.40) 0.0254

Females A EA 403 0.137 1.41 (0.91 to 2.19) 0.1226 1.56 (1.26 to 1.86) 3.53E-03

Hispanic 535 0.108 1.70 (1.13 to 2.57) 0.0116

EA indicates European American; INVEST-GENES, INternational VErapamil SR Trandolapril Study–GENEtic Substudy; MAF, minor allele frequency; n, number; odds ratio; RHTN, resistant
hypertension; SNP, single-nucleotide polymorphism.

Table 9. Characteristics for the PEAR Participants From the ATP2B1 Gene Expression Analysis

Characteristics rs12817819 AA/AG (n=22) rs12817819 GG (n=23) P Value

Age, y (mean�SD) 48.0�10.7 48.9�10.5 0.7957

Gender 0.8330

Males, number, % 15 (33%) 15 (33%)

Females, number, % 7 (15%) 8 (18%)

Serum potassium, mEq/L (mean�SD) 4.22�0.44 4.28�0.51 0.6887

PEAR, Pharmacogenomic Evaluation of Antihypertensive Responses.
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gene expression studies are often fraught with issues of
reproducibility and confounding. However, our data were
highly reproducible, with coefficients of variation for our
triplicate repeats ranging from 0.02% to 1.4% (mean=0.30%).
Also, when other factors, such as age, gender, and serum
potassium were examined between genotype groups, no
statistical differences were found (Table 9). These data
suggest that the observed difference is due to a true
difference in gene expression between the genotype groups,
and we would expect this to be similar or more pronounced in
our target tissues (eg, vascular smooth muscle).

A better understanding of the role of genetic variations in
RHTN may provide the possibility to identify patients with a
higher risk for RHTN and initiate pharmacological therapy with
a targeted treatment regimen or even include those patients
in nonpharmacological therapies, such as renal nerve ablation
or baroreceptor stimulator devices. Using pharmacogenomic
markers to predict RHTN could reduce the time to achieve BP
control in these patients, and could ultimately reduce the
cardiovascular morbidity and mortality that is associated with
the disease.

Conclusions
We observed a robust association between the A allele at
rs12817819 in ATP2B1 and increased risk for RHTN in
European American and Hispanic race/ethnic groups from the
INVEST study, and observed a consistent trend between
rs12817819 and RHTN in European American women from
the WISE study. Additionally, we found differences in expres-
sion of ATP2B1 by rs12817819 genotype. Taken together,
these results suggest that variation in ATP2B1 may contribute
to risk of RHTN in European Americans and Hispanics.
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