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Abstract

To identify novel genes influencing blood pressure response to thiazide diuretic therapy for
hypertension, we conducted genome-wide association meta-analyses of ~s1.1 million single
nucleotide polymorphisms in a combined sample of 424 European Americans with primary
hypertension treated with hydrochlorothiazide from the Pharmacogenomic Evaluation of
Antihypertensive Responses Study (N=228) and the Genetic Epidemiology of Responses to
Antihypertensive Study (N=196). Polymorphisms associated with blood pressure response at
<107 were tested for replication of the associations in independent samples of
hydrochlorothiazide-treated European hypertensives. The rs16960228 polymorphism in protein
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kinase C, alpha replicated for same-direction association with diastolic blood pressure response in
the Nordic Diltiazem Study (N=420) and the Genetics of Drug Responsiveness in Essential
Hypertension Study (N=206), and the combined four-study meta-analysis p-value achieved
genome-wide significance (p=3.3 x 108). Systolic/diastolic blood pressure responses were
consistently greater in carriers of the rs16960228 A allele than in GG homozygotes (4/4 mmHg
greater) across study samples. The rs2273359 polymorphism in the GNAS-EDN3 region also
replicated for same-direction association with systolic blood pressure response in the Nordic
Diltiazem Study, and the combined three-study meta-analysis p-value approached genome-wide
significance (p=5.5 x 10°8). The findings document clinically-important effects of genetic
variation at novel loci on blood pressure response to a thiazide diuretic, which may be a basis for
individualization of antihypertensive drug therapy and identification of new drug targets.

Keywords

Hypertension; high blood pressure; antinypertensive therapy/diuretics; hydrochlorothiazide;
genomics; pharmacogenomics; protein kinase C

Introduction

The purpose of this study was to scan the human genome for single nucleotide
polymorphisms (SNPs) that predict blood pressure (BP) response to the most commonly
prescribed thiazide diuretic, hydrochlorothiazide (HCT), in European Americans with
primary hypertension. Although previous studies of genes hypothesized to regulate BP
reported polymorphisms associated with BP response to diuretic therapy, 2 none of the
reported associations has been replicated across multiple independent studies.3 In contrast to
the approach of candidate gene studies, the genome-wide association (GWA) approach
employed in the present study requires no a priori selection of candidate genes and has the
potential to identify genes not previously implicated to influence BP or drug response.*
Recent GWA analyses in persons of European descent document the success of this
approach in identifying novel genetic variants influencing BP level, hypertension, and
adverse cardiovascular disease outcomes.®

Our first objective was to conduct a GWA analysis for BP response to HCT in European
American (i.e., White) participants in the Pharmacogenomic Evaluation of Antihypertensive
Responses (PEAR) Study,8 in whom office, home, ambulatory daytime and night time BP
responses were measured and a weighted average BP response was calculated. While all
four methods measure the same BP response signal (but with different errors), calculation of
the weighted average BP response minimizes measurement error and, thereby, maximizes
the signal-to-noise ratio and power to identify genetic predictors of BP response.’ Our
second objective was to further increase statistical power to discover novel SNPs
influencing BP response to HCT by conducting a meta-analysis of the combined GWA
analysis results from the PEAR Study participants and participants in our previous Genetic
Epidemiology of Responses to Antihypertensives (GERA) Study.8 Our third objective was
to validate the SNPs most strongly implicated in the meta-analysis by testing for replication
of the associations with BP response to HCT in independent samples of European
hypertensives from the Nordic Diltiazem (NORDIL) Study,® the Genetics of Drug
Responsiveness in Essential Hypertension Study (GENRES),10 and a study conducted in
Milan, Italy.
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Study participants

The PEAR study (http://clinicaltrials.gov/ct2/show/NCT00246519) was approved by the
Institutional Review Board at each site; all participants gave written informed consent; and
all study procedures were in accordance with institutional guidelines and the Declaration of
Helsinki and the U.S. Code of the Federal Regulations for Protection of Human Subjects.®
The methods and procedures for recruitment, the initial consent and screening visit, physical
examination, blood pressure measurement, and collection of blood and urine samples have
been previously described (please see http://hyper.aha.journals.org, Supplementary
Methods).1! For the GWA analyses in PEAR participants (described below), a composite
weighted average of the office, home, ambulatory daytime and nighttime BP responses was
calculated based on the row sums of the inverse of the inter-method covariance matrices.’
For the other study samples, the most precise measure of BP response available was
analyzed, i.e., the office BP response for the GERA and NORDIL Study participants and the
24-hour ambulatory BP response for the GENRES and Milan (Italian) Study participants.

Statistical analyses

Results

In preliminary GWA analyses in HCT-treated European American PEAR Study participants,
each SNP was tested for association with the BP response phenotypes using an additive
model that included pretreatment blood pressure level, sex, and age as adjustment
variables.12 Although principal components (PC) analysis detected no population
substructure, the first and second PCs were forced into all models. The SNP association
results from both PEAR and GERA Study samples were combined in a meta-analysis,
assuming fixed effects and using inverse-variance weighting as implemented in the METAL
software program.13 SNPs with meta-analysis p-values <5 x 10-8 were deemed genome-
wide significant.1 From SNPs with meta-analysis p-values <1 x 1075, we selected 1-2 SNPs
with the smallest p-values at each locus to test for replication in the HCT-treated NORDIL
Study participants. Replication in NORDIL Study participants was defined as a Bonferroni-
corrected one-sided p<0.05, since only SNPs with the same direction of effect as in PEAR
and GERA Study participants were of interest. SNPs that replicated in NORDIL Study
participants were further tested for replication in HCT-treated participants from the
GENRES and the Milan (Italian) Study.

Additional validation of the SNP associations that replicated among HCT-treated European
hypertensives was pursued in two ways. First, we assessed whether variation across the
entire region of the genes identified (in hypertensives of European descent) may be
associated with BP response to HCT among African Americans. Second, because known
predictors of BP response to diuretics are inversely related to BP response to beta blockers
and other inhibitors of the renin-angiotensin system,1> we assessed whether the SNPs
associated with BP response to HCT had opposite direction associations with BP response to
a beta blocker in the PEAR Study European Americans randomized to atenolol.1! Finally,
we tested the PRKCA SNP most strongly and consistently associated with BP response to
HCT (i.e., rs16960228) for association with lymphocyte mRNA expression (please see
http://nyper.aha.journals.org, Supplementary Methods).

Sample descriptions

The HCT-treated European Americans from the PEAR and GERA Studies did not differ
significantly in the percentage of women or office systolic BP or diastolic BP responses
(Table 1). Mean BMI was significantly less and mean age and pretreatment office BP were
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significantly greater in the PEAR than GERA Study participants. In the PEAR Study
participants, inter-individual variation of the weighted average of office, home, ambulatory
daytime and nighttime BP response was less than for the office BP response, as expected.’

Genome-wide association analyses of BP response to hydrochlorothiazide

No SNP reached the genome-wide significance level (i.e., p<5 x 10°8) for association with
systolic BP or diastolic BP response in the GWA analysis of the composite weighted
average BP responses in PEAR Study HCT-treated European Americans (N=228), or in the
separate GWA analysis of office BP responses in GERA Study HCT-treated European
Americans (N=196), (please see http://hyper.aha.journals.org, Figure S1 and Table S1).
However, in the meta-analysis of 1,092,841 SNP associations measured in both the PEAR
and GERA Study participants (N=424), one SNP association achieved genome-wide
significance for diastolic BP response and two SNP associations achieved genome-wide
significance for systolic BP response (Figure 1). The SNP that achieved genome-wide
significance for association with diastolic BP response was on chromosome 14g31.3
(rs2776546, p=4.9 x 10°8), and the two SNP that achieved genome-wide significance for
association with systolic BP response were on chromosome 9¢22.33 (rs238, p=2.9 x 108)
and on chromosome 20p13 (rs4815273, p=4.5 x 10-8). Each of these loci included from
three to as many as 15 SNPs associated with the BP response at the p<107 level of
significance (please see http://hyper.aha.journals.org, Table S2).

The meta-analysis p-values for SNPs in genes previously reported to be associated with BP
response to HCTL: 2 (e.g., adducin 1 and WNK lysine deficient protein kinase 1) did not
achieve the p<107 level of significance (please see http://hyper.aha.journals.org, Table S3)
and were not considered in the replication analyses described below.

Replication of SNP associations with BP responses to HCT in independent samples

We selected representative SNPs from each of the loci with meta-analysis p-values <1 x
107 (Table 2). The selected SNPs were tested for replication of the associations with the
office BP responses to HCT in an independent sample of HCT-treated hypertensive
Europeans from the NORDIL Study (N=420) (please see http://hyper.aha.journals.org,
Supplementary Methods and Supplementary Table S4). Of the 10 SNPs tested for
association with diastolic BP response, two SNPs in the chromosome 17g24.3 locus,
rs4791040 and rs16960228, replicated for same-direction associations with office diastolic
BP response (Table 2). The nominal 1-sided p-values for rs4791040 (p=6.3 x 10-3) and for
rs16960228 (1=6.0 x 10-3) remained statistically significant after Bonferroni correction for
the six diastolic BP response loci tested (p=0.04, for both). When the SNP association
results from the three independent samples were combined, the three-study meta-analysis p-
values approached genome-wide significance (for rs4791040, p=6.2 x 10°8; for rs16960228,
0=6.0 x 10°8).

Although neither of the two chromosome 20p13 SNPs replicated for association with
systolic BP response in the NORDIL Study participants, a chromosome 20q13.32 SNP,
rs2273359, was nominally associated (p=2.5 x 10-2) and the three-study meta-analysis p-
value for its association with systolic BP response closely approached genome-wide
significance (p=5.5 x 10°8) (Table 2).

The chromosome 17¢g24.3 and chromosome 20p13 SNPs that replicated in NORDIL Study
participants were further tested for replication in the GENRES and Milan (Italian) Study
participants. The chromosome 17¢24.3 SNP rs16960228 replicated for same-direction
association with 24-hour ambulatory diastolic BP response to HCT in GENRES Study
participants (N=206) (1-sided £=0.04) but not with office diastolic BP response in the Milan
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(Italian) Study participants (N=195) (1-sided £=0.58). The combined four-study meta-
analysis p-value for rs16960228 achieved genome-wide significance (£=3.3 x 10°8). The
variant A allele carriers from each of the five studies demonstrated consistently greater BP
responses to HCT than the GG homozygotes (Figure 2). Based on the weighted average BP
response phenotypes measured in PEAR Study participants, the estimated difference in
systolic/diastolic BP response was 4/4 mmHg greater among the rs16960228 variant A allele
carriers.

Although the chromosome 20913 SNP rs2273359 was not measured or imputed in the
GENRES or Milan (Italian) Study participants (and, therefore, could not be tested for
replication in these additional independent samples), among the PEAR, GERA, and
NORDIL Study participants, the variant G allele carriers from each of the three studies
demonstrated consistently greater BP responses to HCT than the CC homozygotes (no GG
homozygotes were observed) (Figure 3). Based upon the weighted average BP response
phenotypes measured in PEAR Study participants, the estimated difference in systolic/
diastolic BP response was 7/5 mmHg greater among the rs2273359 variant G allele carriers
(Figure 3).

Further validation of SNP associations with BP responses to antihypertensive drug

therapy

Regional associations in African Americans with HCT response—The
chromosome 17924.3 SNP rs16960228 are located in the gene encoding protein kinase C,
alpha (PRKCA), a plausible candidate to influence BP (see Discussion). SNPs in the nearby
chromosome 17g24.2 region of PRKCA were significantly associated with diastolic BP
response to HCT in PEAR African Americans (N=148) (e.g., rs6504428; p=8.8 x 107°)
(please see http://hyper.aha.journals.org, Supplementary Figure S2). The chromosome
20013.32 SNP rs2273359 is in the gene encoding TH1-like (7H1L) between GNAS and
EDN3, a region associated with BP level and hypertension in GWA meta-analyses of large
samples of European descent.> SNPs in the chromosome 20q13.32 region between 7HIL
and GNASI were also associated with systolic BP response to HCT in PEAR African
Americans (e.g., rs234613, p=0.02) (please see http://hyper.aha.journals.org, Supplementary
Figure S4). There were differences between races in the linkage disequilibrium between
these and other SNPs across the PRKCA gene and the GNAS-THIL regions (please see
http://hyper.aha.journals.org, Supplementary Figures S4 and S5).

Opposite direction association with BP response to atenolol—In a parallel,
independent sample of PEAR Study European Americans randomized to atenolol (N=233),
the chromosome PRKCA SNP rs16960228 was associated with diastolic BP response to the
beta blocker with the direction of association opposite to that observed with BP response to
HCT (1-sided p=0.01). The chromosome 20913 SNP rs2273359, however, was not
significantly associated with systolic BP response to atenolol in the PEAR European
American study participants (p=0.95).

Gene expression analysis of PRKCA—Gene expression of PRKCA was measured
using RNA isolated from whole blood collected prior to HCT treatment (baseline) from 36
European American PEAR Study participants selected based on rs16960228 genotype
(please see http://hyper.aha.journals.org, Supplementary Methods). Carriers of the
rs16960228 variant A allele (N=12) had significantly greater mean relative PRKCA
expression level than the GG homozygotes (N=24) (p=0.03) (Figure 4).
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Discussion

We sought to identify common genetic variants in Whites of European descent that are
predictive of BP response to HCT, the most commonly-prescribed diuretic for the treatment
of hypertension.1® Our results provide substantial evidence that chromosome 17¢24
variation within PRKCA influences inter-individual variation in BP response to HCT. We
found statistically significant and directionally consistent associations of rs16960228 with
diastolic BP response to HCT in four independent samples of White hypertensives of
European descent, with a directionally consistent albeit not statistically significant
association in a fifth European sample. The association of rs16960228 with diastolic BP
response to HCT achieved genome-wide significance in a meta-analysis combining results
from the first four samples. The contribution of PRKCA variation to differences in BP
response to HCT was further validated by finding that other SNPs within PRKCA were
associated with diastolic BP response to HCT in hypertensive African Americans. Among
European American hypertensives, the association of rs16960228 with diastolic BP response
to atenolol was directionally opposite to its association with diastolic BP response to HCT,
as is the case for known predictors of BP response to these two drug classes.1® Finally, the
rs16960228 variant A allele that predicted greater BP response to HCT was also found to be
associated with greater pretreatment PRKCA expression.

Our results also provide evidence that chromosome 20g13.32 variation in a region between
GNAS and EDN3, which previous GWA meta-analyses of large samples of European
descent have associated with BP level and hypertension,® may also influence BP response to
HCT. We found statistically significant and directionally consistent associations of
rs2273359 within 7HL with systolic BP response to HCT in the three independent samples
of White hypertensives of European descent in which this SNP was available for analyses,
and the three-study meta-analysis p-value closely approached genome-wide significance.
The possible role for variation in this region in influencing BP response was bolstered by
finding that other chromosome 20g13.32 SNPs between 7HIL and GNAS were associated
with systolic BP response to HCT in African American hypertensives.

The target of HCT and other thiazide-like diuretics is the sodium-chloride cotransporter in
the distal convoluted tubule.1” Variants in the regulators of renal sodium transport, or in the
vasoactive systems opposing BP decline in response to sodium and volume loss, are obvious
candidates to influence BP response to HCT.15 From this perspective, variations in both of
the identified gene regions appear to be plausible candidates to influence BP response to
HCT. PRKCA expression has been reported in brain, endothelium, heart and cardiac
myocytes, smooth muscle, kidney, and adrenal cortex.18-20 The PRKCA protein is involved
in calcium signaling, vascular smooth muscle contraction, vascular endothelial growth factor
signaling, and aldosterone-regulated sodium reabsorption pathways.? 7HIL is downstream
of GNAS, the stimulatory G-protein alpha subunit (Gs-a), a key component of the signal
transduction pathway linking receptor-ligand interactions with the activation of adenylyl
cyclase and a variety of cellular reponses including calcium signaling and vascular smooth
muscle contraction.?

Replication across multiple, appropriately-designed, well-powered, independent samples has
become the gold standard for reliability of pharmacogenetic associations. By this standard,
the present GWA meta-analysis of BP response to HCT is unique among genetic studies of
antihypertensive drug responses. The only two previously reported GWA analyses for BP
response to antihypertensive drugs did not have available samples to test for replication
across independent studies.?2 23 None of the several prior report associations of
polymorphisms in hypothesized candidate genes’: 24 has been consistently replicated across
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independent studies,® and none of the hypothesized candidate genes is within the regions
identified in subsequent GWA analyses.22 23

The present study has several limitations. First, even though the sample size for the
combined PEAR and GERA Study GWA meta-analysis was twofold greater than the
previous GWA analysis of BP response to HCT,22 power was not adequate to detect variants
with small effects on BP response comparable to those found for BP level and
hypertension.® 7 Second, even though the identified chromosome 17724 and 20013.32
regions harbor genes that are biologically plausible candidates, the SNPs we analyzed are
intronic in PRKCA and THIL and unlikely to be functional. Presumably, they are in linkage
disequilibrium with functional variants that influence gene expression or protein structure
but have not been identified.

Large inter-individual differences in BP response reported since the earliest trials involving
thiazide diuretics2> have been attributed to variation in activity of the BP regulatory systems
targeted by antihypertensive drugs.26 Measurements of genetic variation hold the promise of
individualization of antihypertensive drug therapy based on matching the pathophysiologic
disturbance elevating BP to the pharmacological action of the drug prescribed. Results of the
present study support GWA analysis as an effective method to identify common genetic
variants that may be a basis for individualization of antihypertensive drug therapy and
identification of new drug targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We appreciate the contributions of the PEAR study participants, support staff, and study physicians including Drs.
George Baramidze, R. Whit Curry, Karen Hall, Frederic Rabari-Oskoui, Dan Rubin, Michael Diab, and Siegfried
Schmidt. We also appreciate the technical assistance of Zhiying Wang, Meagan Grove, Ben Burkley, Jodie Van De
Rostyne, Cheryl Galloway, Jeremy Palbicki, and Lynda Stauffer. We also thank Professor Thomas Hedner and
Professor Sverre Kjeldsen, NORDIL Study investigators.

Sour ces of Funding: PEAR was supported by the National Institutes of Health Pharmacogenetics Research
Network grant U01 GM074492 and the National Center for Advancing Translational Sciences under the work
number: UL1 TR000064 (University of Florida); UL1 TR000454 (Emory University); and UL1 TR000135 (Mayo
Clinic). This work was also supported by grants HL086558, HL053330, and HL074735 and funds from the Mayo
Foundation. The content is solely the responsibility of the authors and does not necessarily represent the official
views of the National Institutes of Health. The NORDIL study was supported by a grant from the Pharmacia
Corporation (Kalamazoo MI), and the genetic analyses by the following grants: British Heart Foundation (BHF)
Chair CH/98001; BHF Programme RG/07/005/23633; BHF Special Project Grant SP/08/005/25115; European
Union Ingenious HyperCare Consortium: Integrated Genomics, Clinical Research, and Care in Hypertension grant
LSHM-C7-2006-037093; and BHF fellowship awards FS/05/095/19937 and FS/10/016/28162. The GENRES was
supported by grants from the Sigrid Juselius Foundation and the Finnish Foundation for Cardiovascular Research.
The Milan Italian study was supported by the Italian Ministry of Health grant RF-FSR-2008-1141719.

References

1. Cusi D, Barlassina C, Azzani T, Casari G, Citterio L, Devoto M, Glorioso N, Lanzani C, Manunta P,
Righetti M, Rivera R, Stella P, Troffa C, Zagato L, Bianchi G. Polymorphisms of alpha-adducin and
salt sensitivity in patients with essential hypertension. Lancet. 1997; 349:1353-1357. [PubMed:
9149697]

2. Turner ST, Schwartz GL, Chapman AB, Boerwinkle E. Wnk1 kinase polymorphism and blood
pressure response to a thiazide diuretic. Hypertension. 2005; 46:758-765. [PubMed: 16172412]

Hypertension. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Turner et al. Page 8

3. Arnett DK, Claas SA. Pharmacogenetics of antihypertensive treatment: Detailing disciplinary
dissonance. Pharmacogenomics. 2009; 10:1295-1307. [PubMed: 19663674]

4. Motsinger-Reif, AA.; Jorgenson, E.; Relling, MV.; Kroetz, DL.; Weinshilboum, R.; Cox, NJ.;
Roden, DM. Genome-wide association studies in pharmacogenomics: Successes and lessons.
Pharmacogenet Genomics. 2010 Jul 15. Epub ahead of print http://journals.lww.com/
jpharmacogenetics/toc/publishahead

5. The International Consortium for Blood Pressure Genome-Wide-Wide Associations Studies.
Genetic variants in novel pathways influence blood pressure and cardiovascular disease risk.
Nature. 2011; 478:103-109. [PubMed: 21909115]

6. Johnson JA, Boerwinkle E, Zineh I, Chapman AB, Bailey K, Cooper-DeHoff RM, Gums J, Curry
RW, Gong Y, Beitelshees AL, Schwartz G, Turner ST. Pharmacogenomics of antihypertensive
drugs: Rationale and design of the pharmacogenomic evaluation of antihypertensive responses
(pear) study. Am Heart J. 2009; 157:442-449. [PubMed: 19249413]

7. Turner ST, Schwartz GL, Chapman AB, Beitelshees AL, Gums JG, Cooper-Dehoff RM,
Boerwinkle E, Johnson JA, Bailey KR. Power to identify a genetic predictor of antihypertensive
drug response using different methods to measure blood pressure response. J Transl Med. 2012;
10:47. [PubMed: 22413836]

8. Chapman AB, Schwartz GL, Boerwinkle E, Turner ST. Predictors of antihypertensive response to a
standard dose of hydrochlorothiazide for essential hypertension. Kidney Int. 2002; 61:1047-1055.
[PubMed: 11849460]

9. Hansson L, Hedner T, Lund-Johansen P, Kjeldsen SE, Lindholm LH, Syvertsen JO, Lanke J, de
Faire U, Dahlof B, Karlberg BE. Randomised trial of effects of calcium antagonists compared with
diuretics and beta-blockers on cardiovascular morbidity and mortality in hypertension: The nordic
diltiazem (nordil) study. Lancet. 2000; 356:359-365. [PubMed: 10972367]

10. Hiltunen TP, Suonsyrja T, Hannila-Handelberg T, Paavonen KJ, Miettinen HE, Strandberg T,
Tikkanen I, Tilvis R, Pentikainen PJ, Virolainen J, Kontula K. Predictors of antihypertensive drug
responses: Initial data from a placebo-controlled, randomized, cross-over study with four
antihypertensive drugs (the genres study). Am J Hypertens. 2007; 20:311-318. [PubMed:
17324745]

11. Turner ST, Schwartz GL, Chapman AB, Beitelshees AL, Gums JG, Cooper-DeHoff RM,
Boerwinkle E, Johnson JA, Bailey KR. Plasma renin activity predicts blood pressure responses to
beta-blocker and thiazide diuretic as monotherapy and add-on therapy for hypertension. Am J
Hypertens. 2010; 23:1014-1022. [PubMed: 20725057]

12. Aulchenko YS, Struchalin MV, van Duijn CM. Probabel package for genome-wide association
analysis of imputed data. BMC Bioinformatics. 2010; 11:134. [PubMed: 20233392]

13. Willer CJ, Li Y, Abecasis GR. Metal: Fast and efficient meta-analysis of genomewide association
scans. Bioinformatics. 2010; 26:2190-2191. [PubMed: 20616382]

14. Pe'er I, Yelensky R, Altshuler D, Daly MJ. Estimation of the multiple testing burden for
genomewide association studies of nearly all common variants. Genet Epidemiol. 2008; 32:381-
385. [PubMed: 18348202]

15. Laragh JH, Sealey JE. The plasma renin test reveals the contribution of body sodium-volume
content (v) and renin-angiotensin (r) vasoconstriction to long-term blood pressure. Am J
Hypertens. 2011; 24:1164-1180. [PubMed: 21938070]

16. Drug Topics. 2010 top 200 generic drugs by total prescription. 2011. http://
drugtopics.modernmedicine.com/drugtopics/data/articlestandard//drugtopics/252011/727243/
article.pdf

17. Gamba G. The thiazide-sensitive na+-cl- cotransporter: Molecular biology, functional properties,
and regulation by wnks. Am J Physiol Renal Physiol. 2009; 297:F838-848. [PubMed: 19474192]

18. Wu C, Macleod I, Su Al. Biogps and mygene.Info: Organizing online, gene-centric information.
Nucleic Acids Res. 2013; 41:D561-565. http://biogps.Org/. [PubMed: 23175613]

19. Ensembl. Human bodymap 2.0 rnaseq data from illumina. 2011. http://www.Ensembl.Info/blog/
2011/05/24/human-bodymap-2-0-data-from-illumina/

20. Cancer Genome Anatomy Project. Serial analysis of gene expression (sage) genie. 2013. http://
cgap.Nci.Nih.Gov/sage

Hypertension. Author manuscript; available in PMC 2014 August 01.


http://journals.lww.com/jpharmacogenetics/toc/publishahead
http://journals.lww.com/jpharmacogenetics/toc/publishahead
http://drugtopics.modernmedicine.com/drugtopics/data/articlestandard//drugtopics/252011/727243/article.pdf
http://drugtopics.modernmedicine.com/drugtopics/data/articlestandard//drugtopics/252011/727243/article.pdf
http://drugtopics.modernmedicine.com/drugtopics/data/articlestandard//drugtopics/252011/727243/article.pdf
http://biogps.Org/
http://www.Ensembl.Info/blog/2011/05/24/human-bodymap-2-0-data-from-illumina/
http://www.Ensembl.Info/blog/2011/05/24/human-bodymap-2-0-data-from-illumina/
http://cgap.Nci.Nih.Gov/sage
http://cgap.Nci.Nih.Gov/sage

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Turner et al.

21.

22.

23.

24.

25.

26.

Page 9

Kanehisa M, Goto S, Sato Y, Furumichi M, Tanabe M. Kegg for integration and interpretation of
large-scale molecular data sets. Nucleic Acids Res. 2012; 40:D109-114. http://www.Genome.Jp/
kegg/pathway.Html. [PubMed: 22080510]

Turner ST, Bailey KR, Fridley BL, Chapman AB, Schwartz GL, Chai HS, Sicotte H, Kocher JP,
Rodin AS, Boerwinkle E. Genomic association analysis suggests chromosome 12 locus
influencing antihypertensive response to thiazide diuretic. Hypertension. 2008; 52:359-365.
[PubMed: 18591461]

Turner ST, Bailey KR, Schwartz GL, Chapman AB, Chai HS, Boerwinkle E. Genomic association
analysis identifies multiple loci influencing antihypertensive response to an angiotensin ii receptor
blocker. Hypertension. 2012; 59:1204-1211. [PubMed: 22566498]

Turner ST, Boerwinkle E, Sing CF. Context-dependent associations of the ace i/d polymorphism
with blood pressure. Hypertension. 1999; 34:773-778. [PubMed: 10523359]

Veterans Administration Cooperative Study on Antihypertensive Agents. Double blind control
study of antihypertensive agents: lii. Chlorothiazide alone and in combination with other agents;
preliminary results. Arch Intern Med. 1962; 110:230-236.

Laragh JH, Lamport B, Sealey J, Alderman MH. Diagnosis ex juvantibus. Individual response
patterns to drugs reveal hypertension mechanisms and simplify treatment. Hypertension. 1988;
12:223-226. [PubMed: 3049337]

Hypertension. Author manuscript; available in PMC 2014 August 01.


http://www.Genome.Jp/kegg/pathway.Html
http://www.Genome.Jp/kegg/pathway.Html

1dudsnuey Joyiny vd-HIN 1dudsnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Turner et al.

Page 10

Novelty and Significance

What |s New?

Meta-analysis of two GWA analyses of BP response to the most commonly prescribed
antihypertensive drug hydrochlorothiazide in European American hypertensives with
replication of single nucleotide polymorphism associations in independent samples of
European hypertensives.

What |s Relevant?

Common variants in protein kinase C, alpha (PRKCA) and in the stimulatory G-protein
alpha subunit (GNAS) region have clinically relevant effects on BP response to
hydrochlorothiazide in hypertensives of European descent that may be a basis for
individualization of antihypertensive drug therapy and identification of new drug targets

Summary

Meta-analysis of two GWA analyses of BP response to hydrochlorothiazide in European
American hypertensives succeeded in identifying common genetic variants that have
clinically relevant effects on BP response that replicate in European hypertensives treated
with a thiazide diuretic.
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Figure 1.

Manhattan plots and quantile-quantile plots from meta-analysis of genome-wide association
analysis results for blood pressure response to hydrochlorothiazide in European American
PEAR and GERA study participants.
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Figure 2.

Plot of blood pressure response to hydrochlorothiazide by chromosome 17 rs16960228
genotype of participants from five independent studies. Panel A: diastolic blood pressure
response; Panel B: systolic blood pressure response. The blood pressure responses are
adjusted for pretreatment blood pressure levels, age, and sex and p-values are for contrast of

adjusted means between genotype groups.
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Figure 3.

Plot of blood pressure response to hydrochlorothiazide by chromosome 20 rs2273359
genotype of participants from three independent studies. Panel A: systolic blood pressure
response; Panel B: diastolic blood pressure response. The blood pressure responses
responses are adjusted for pretreatment blood pressure levels, age, and sex and p-values are
for contrast of adjusted means between genotype groups.
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Figure 4.
Plot of relative gene expression of PRKCA by rs16960228 genotype in whole blood

collected from European American PEAR Study participants at baseline prior to HCT
treatment. Expression data were normalized to beta-2 microglobulin; error bars indicate
standard error of mean.
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Table 1

Description of hydrochlorothiazide-treated European Americans from the PEAR and

GERA studies
Descriptive characteristic PEAR study participantsN=228 GERA study participantsN=196 p-value
Women, N (%) 91 (40) 84 (43) 0.54
Age, years 50.4 9.4 48.5%7.3 0.02
BMI, kg-m?2 30.3+4.9 31.3+5.57 0.04
Pretreatment office systolic BP, mmHg 151.8 +12.4 142.7 +12.6 <0.0001
Pretreatment office diastolic BP, mmHg 98.1 +5.8 95.6 5.7 <0.0001
Office systolic BP response, mmHg -11.0+12.8 -10.9 £13.0 0.97
Office diastolic BP response, mmHg -5.01+7.17 -6.26 +8.83 0.11
Composite average systolic BP response, mmHg -8.5+7.02 NA NA
Composite average diastolic BP response, mmHg -4.68 £4.79 NA NA

PEAR, Pharmacogenomic Evaluation of Antihypertensive Responses; GERA, Genetic Epidemiology of Responses to Antihypertensives; BMI,
body mass index; BP, blood pressure; NA, not available. BP response was defined as final minus baseline value (negative sign indicates BP decline
in response to drug and was adjusted for pretreatment BP level, age, gender. In PEAR study participants, the composite average BP response is a
weighted average of the office, home, ambulatory daytime and nighttime BP responses.

Hypertension. Author manuscript; available in PMC 2014 August 01.



Page 16

‘sjuedionred Apnis wHIO+¥v3d JO SISAJeue-BIaW Ul Se UOIIRID0SSE UOIJaIIP aWes 10j anjeA-d papis-T ‘y 3]3]|e Papod Jad BHWW Jua1d1y)a09 uolssaifial [apow ‘g ‘aa][e papod au} Jo Aduanbaly
‘baly a|9]|e ‘89| PAPOI-UOU BY} Y PUB PBP03 8} SI 9 8IBYM ‘Z=99 pue T=9V ‘0=VV YdIYm Ul dNS O/V J0 ajdwexa sy} Ul Se |a]|e Pa|apow ay} SI 8|8|[e PaP0OI-UOU 8y} JO 13| U} 0} UMOYS 33| Papod
:s9|9] e ‘ainssaid poojq ‘dg ‘Apms wazen|ig dIpJoN “TIAHON ‘seAisusuadAynuy o} sasuodsay Jo ABojoiwapidl onsua ‘w39 ‘sasuodsay anlsuaniadAynuy Jo uolenjeA olwousbodewleyd ‘Yv3d

80-3¥5°S T8 20-3Lv'e 6L 200 L0-35T'y 128 700 9 0 0z eseeLzes!
£0-356°L ve'e T0-38€°€ 70 70 80-378'9 16'¢ S0 2 L 0z  8e5e809s!
£0-359°G ve'e T0-3SK°€ 6€°0- S0 80-305't 16'C 90 2 L 0z €/25T8v8!
9-319'6 e 70-30T°T Sr'o- S0 80-306°C e 90 9 V 6 8ezs!
¥0-39¢'T 78’1 T0-36L9 92°0- 70 90-320°C 892 S0 2 L 6 6.6689s!
€0-362'% 69T 70-3.9'6 AN v2°0 90-31'6 68'C- 220 2 L L TiTezeETs!
€0-315'% 65T 10-369'6 vTT ¥2°0 90-35¢'6 68'C- 220 9 V L T6WE9LTTS!
¥0-380°2 LLT- T0-37TL 8€0 70 90-310°S 0S¢ 610 2 L S €629Ev8
¥0-320°8 veY- 70-3TT°8 87T 900 90-32T°€ qe'L- 100 9 V ¥  2060TOLTS!
G0-350°9 €97 T0-35€°€ S0 LL0 90-388'% ¥9'€ €80 2 L € 19990€Ts! a1j015AS
¥0-382°T 8T'T- T70-35€°L 120 S0 L0-39'% 06'T- S0 2 L 0z  8e5e809s!
G0-39¢°L 0z'T- 70-39€°L 820 S0 £0-396'T €6'T- 90 2 L 0z  €/25T8v8!
€0-3e7'T ov'T 10-36. 100 120 90-350°L 187 TA 9 L 6T l9ziveLs
80-3€0°9 9Ty €0-396°G 9ze- 700 90-3L€'T o'y 700 9 VvV /T 822096918
80-367°9 AR4 €0-352°9 g€ 960 90-39€'T o'y 96'0 2 L /T  OvoT6LYS!
¥0-3v6C 9T 10-3089 50°0- 180 90-326°9 60C 8L°0 9 1 9T  TlvyiOvS)
¥0-3562 9e'T- 70-36L9 500 610 90-3€6°9 60'¢- 220 9 V 9T  269€€66S!
£0-3L0°L e 20-308'6 88°0- ¥8°0 80-36'% vze- 180 2 V¥l 9vS59/zs!
¥0-307°2 STT T0-3€€y 800 LE0 90-386'9 LT LE0 2 L ¥T  go6Tees!
¥0-322°S LST- 70-39T°9 L00 280 90-3€0°L 6T 980 9 V 8  Ihlzewes aljoiselq
anfeA-d g onead g =PRI\ anfead g bo1gepIv SRIY 1D dNS asuodsay dg
ssAfeue-epw Apnis 11AYON+VHID+dVad syuedpi} red sashfeue
Apnis 11QYON urssAfeue uoreoldey VMO Apnis vH39+dV3d JoSsAUR-BR N

Turner et al.

a|dures ueado In3 Jo sisAeue uoiredl|da . pue sajdures ueslowy weado ing Jo SssAeue UoITe[oosse
apIMm-aWouab Jo SasAfeue-eRW UIBPIZeIYlo Jo|yoo JpAY 018suodsa 4 8 Jnssa id poo|qg Yyi1im pareldosse swsiydjowAjod apnospnuajbuis
¢ 9lgqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hypertension. Author manuscript; available in PMC 2014 August 01.



