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STK39 variation predicts the ambulatory blood
pressure response to losartan in hypertensive men

Kati M Donner, Timo P Hiltunen, Tuula Hannila-Handelberg, Timo Suonsyrjä and Kimmo Kontula

Large-scale genome-wide association studies (GWASs) have identified significant associations of common genetic variants with

blood pressure (BP) levels. To obtain more evidence for the role of these variants in BP regulation, we studied their association

with BP responses to four different antihypertensive drug monotherapies. We selected 19 single-nucleotide variants based

on data from five GWASs. The study group consisted of more than 200 hypertensive Finnish men from the GENRES study.

Ambulatory BP responses to 4-week treatments with losartan, bisoprolol, hydrochlorothiazide and amlodipine were the primary

targets of the study. Secondarily, baseline indicators of the activity of the renin–angiotensin–aldosterone system were studied.

After correction for multiple comparisons, the variant rs6749447 in the STK39 gene was significantly associated with BP

responses. Thus, the minor rs6749447 allele was associated with a lower systolic and diastolic BP response to losartan

(P¼0.0005 and 0.0002, respectively). rs6749447 minor allele homozygotes had marginally higher serum aldosterone/plasma

renin activity (PRA) ratios (P¼0.04) than those without this allele. In a replication study on aldosterone and renin levels,

another cohort of hypertensive patients (n¼311) showed a similar trend. When the two cohorts were combined, the aldosterone

level (P¼0.02) and the aldosterone/PRA ratio (P¼0.01) were higher in subjects homozygous for the minor rs6749447 allele

than in other subjects. The present study shows that pharmacogenetic approaches may provide evidence that complements

systematic genome-wide strategies by identifying gene loci that not only affect the BP level but also might modify its response

to pharmacologic interventions.
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INTRODUCTION

Although much effort and various strategies have been used to identify

susceptibility genes underlying essential hypertension,1 these still

remain mostly unidentified. Recently, five large-scale genome-wide

association studies (GWASs) have been conducted in an attempt to

identify hypertension-susceptibility genes by a systematic approach.2–6

Certain progress is supported by the facts that some of these studies

have identified concordant chromosomal loci and that additional evi-

dence has been obtained by replication and functional studies.3,4,6–10

The increased risk of cardiovascular morbidity and mortality
brought up by elevated blood pressure (BP) can be alleviated by

effective antihypertensive drug therapy.11 However, only one-third of

hypertensive patients on antihypertensive medication are adequately

controlled for their hypertension.12 It is difficult to predict the

response to a particular drug in a given patient. Much hope has

been put on the use of genetic variants predicting antihypertensive

drug responsiveness, but until now, no such markers have been shown

to be clinically useful in the treatment of patients with essential

hypertension.
The present study was conducted to determine the impact of 19

single-nucleotide variants on ambulatory BP responses to losartan,

bisoprolol, hydrochlorothiazide and amlodipine in men with essential
hypertension. The variants were selected based on their association
with systolic BP (SBP), diastolic BP (DBP) or hypertension in five
recent large GWASs.2–6 In addition to BP response, the relation of
these polymorphisms to baseline characteristics, reflecting the activity
of the renin–angiotensin–aldosterone system (RAAS), was also stu-
died. As a platform, we used our unique GENRES study (a study on
molecular GENetics of drug RESponsiveness in essential hyperten-
sion), which compares the antihypertensive effects of four different
drug monotherapies in hypertensive men by using a double-blind
crossover design.13

METHODS

Subjects
The GENRES study. The design of the GENRES study has been described in

detail.13 Briefly, 313 moderately hypertensive Finnish men, aged 35–60 years,

were studied. The inclusion criteria were DBP X95mmHg in repeated

measurements or use of antihypertensive medication. Exclusion criteria

included use of three or more antihypertensive drugs, secondary hypertension

or significant additional morbidity. Of the 244 patients included, 197 were

on antihypertensive medication before the study.13 Earlier antihypertensive

medication was stopped before the study.
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Each patient received losartan 50mg, bisoprolol 5mg, hydrochlorothiazide

25mg and amlodipine 5mg daily, each as monotherapy, in a randomized

order for 4 weeks. The study started with a 4-week run-in placebo period,

and all four drug treatment periods were separated by 4-week

placebo periods.13 A flowchart indicating the numbers of patients screened,

included and excluded with respective reasons during the GENRES study is

shown in Supplementary Figure S1. For the 24-h ambulatory BP measurements

conducted at the end of each drug period, BP levels were recorded

every 15 (standing position) or 30 (recumbent position) minutes using a

Diasys Integra device (Novacor, Rueil-Malmaison, France). Ambulatory BP

levels were calculated as the mean of daytime (0700–2200 hours) and

nighttime (2200–0700 hours) values, weighed according to daytime and

nighttime hours.13 Ambulatory BP recordings were available for 204 subjects

during losartan therapy, 208 subjects during bisoprolol therapy, 207 subjects

during hydrochlorothiazide therapy and 206 subjects during amlodipine

therapy. During the placebo periods, the mean office and ambulatory

SBP and DBP levels were 153/100 and 135/93mmHg, respectively. Baseline

laboratory values were obtained from fasting blood samples at the end of

the first placebo period for all subjects.13 Plasma renin activity (PRA) and

serum aldosterone levels were determined by radioimmunoassay (DiaSorin,

Saluggia, Italy).14

Replication study of circulating aldosterone and renin levels in referred hyperten-

sive patients. The recruitment and characteristics of referred hypertensive

patients have been described previously.15 In brief, patients referred to the

Hypertension Outpatient Ward of Helsinki University Central Hospital because

of hypertension resistant to drug treatment were studied. Secondary hyperten-

sion was excluded with appropriate clinical and laboratory examinations. This

resulted in a group of 347 patients with essential hypertension, of whom 315

had no medications interfering with serum aldosterone and plasma renin

measurements. The required intermission times were 4 weeks for estrogen and

spironolactone; 2 weeks for diuretics and prostaglandin inhibitors; and 1 week

for b-blockers and angiotensin-converting enzyme inhibitors. The use of

calcium channel blockers and oral potassium supplements was permitted.

The studies were approved by the Ethical Committee of Helsinki University

Central Hospital. All subjects signed an informed consent form.

Genotype analysis
Genomic DNA was extracted from peripheral venous blood according to

standard procedures. Based on the available information from GWASs,2–6 a

total of 19 single-nucleotide variants were selected for the study (Table 1). As

three variants, rs1004467 (in 10q24), rs3184504 (in 12q24) and rs2681472

(in 12q21), from the CHARGE study3 were in linkage disequilibrium with

rs11191548, rs653178 and rs2681492, respectively, in the Global BPgen study 4

in the HapMap CEU cohort (http://hapmap.ncbi.nlm.nih.gov/index.html.en),

only the latter three were included in this study. Two variants, rs35929607 and

rs6749447, from a cluster of variants in STK39 were selected because they have

been associated with altered gene expression6,8 and are located in different

linkage disequilibrium bins of the gene.6 Genotyping was performed by PCR

amplification of the DNA region containing the variant of interest, followed by

restriction enzyme digestion and polyacrylamide gel electrophoresis, or by PCR

and sequencing. Publicly available databases (http://www.ensembl.org/

index.html and http://snp.cshl.org/) were used to map genomic variations in

the area when the primers and the restrictions were designed to ensure the

quality of the genotyping. For variants genotyped by primer-introduced

restriction analysis-PCR assay,16 a publicly available website (http://cedar.

genetics.soton.ac.uk/public_html/primer2.html) was used to design oligo-

nucleotides. The genotyping was performed by laboratory personnel blinded

to the clinical information. The oligonucleotide sequences, restriction enzymes

used, and PCR product and restriction fragment sizes are listed in Supplemen-

tary Table S1. For each variant genotyped by PCR and restriction enzyme

digestion, 4–10 samples were sequenced to confirm the quality of the

genotyping. No discrepancies were detected.

Statistical analysis
Data were analyzed by using the statistical SPSS program (version 17.0; SPSS

Inc., Chicago, IL, USA). The primary targets of the study were ambulatory BP

responses to the four antihypertensive drug monotherapies. Secondarily, base-

line indicators of RAAS activity, that is, serum aldosterone levels, PRA, and

serum sodium and potassium concentrations, were studied. Possible genotype-

related differences in baseline characteristics (BP levels during placebo periods,

age, body mass index (BMI) and daily urinary sodium excretion) were also

analyzed by Kruskal–Wallis test.

Table 1 Minor allele frequencies (MAF), chromosomal loci, and position of the studied variants and reported MAF and BP effects from

the GWASs

dbSNP ID Locus SNP position

Major/minor allele

in GENRES

MAF in

GENRES Reference

Reported allele

frequencies

Reported

BP effect

1 rs17367504 1p36 MTHFR, intron A/G 0.15 Newton-Cheh4 G: 0.14–0.16 A4G

2 rs2820037 1q43 ZP4-CHRM3, intergenic A/T 0.10 WTCCC2 T: 0.14–0.17 AoT

3 rs35929607 2q24 STK39, intron A/G 0.28 Wang6 G: 0.10–0.18 AoG

4 rs6749447 2q24 STK39, intron T/G 0.29 Wang6 G: 0.19–0.29 ToG

5 rs9815354 3p22 ULK4, intron G/A 0.24 Levy3 A: 0.17 GoA

6 rs16998073 4q21 FGF5, upstream A/T 0.33 Newton-Cheh4 T: 0.19–0.29 AoT

7 rs4977950 9p21 In gene desert G/C 0.26 Wang6 C: 0.13 Not reported

8 rs11014166 10p12 CACNB2, intron A/T 0.28 Levy3 T: 0.17–0.34 A4T

9 rs1530440 10q21 c10orf107, intron C/T 0.18 Newton-Cheh4 T: 0.18–0.19 C4T

10 rs11191548 10q24 CNNM2-NT5C2, intergenic T/C 0.09 Newton-Cheh4 C: 0.08–0.09 T4C

11 rs381815 11p15 PLEKHA7, intron C/T 0.23 Levy3 T: 0.26 CoT

12 rs2681492 12q21 ATP2B1, intron T/C 0.07 Levy3 C: 0.19–0.20 T4C

13 rs653178 12q24 ATXN2, intron T/C 0.43 Newton-Cheh4 C: 0.46–0.48 ToC

14 rs2384550 12q24 TBX3, downstream G/A 0.34 Levy3 A: 0.35 G4A

15 rs1378942 15q24 CSK, intron A/C 0.45 Newton-Cheh4 C: 0.33–0.36 AoC

16 rs6495122 15q24 CPLX3-ULK3, intergenic A/C 0.48 Levy3 C: 0.58 A4C

17 rs11646213 16q23 CDH13, upstream T/A 0.38 Org5 A: 0.34–0.45 T4A

18 rs12946454 17q21 PLCD3, intron A/T 0.25 Newton-Cheh4 T: 0.25–0.28 AoT

19 rs16948048 17q21 ZNF652, upstream A/G 0.46 Newton-Cheh4 G: 0.37–0.39 AoG

Abbreviations: BP, blood pressure; GWAS, genome-wide association study; WTCCC, Wellcome Trust Case Control Consortium.
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Variables were subjected to univariate analysis by using Kruskal–Wallis test.

Multivariate analysis with genotypes as nominal categories was performed by

using the General Linear Model Univariate procedure, with non-normally

distributed variables (age, duration of hypertension, daily urinary sodium

excretion, BP levels during placebo periods and creatinine clearance) normal-

ized by Blom’s method. For multivariate analysis of BP responses, genotype and

earlier antihypertensive medication were used as fixed factors, and age,

duration of hypertension, BMI, daily urinary sodium excretion and BP levels

during placebo periods were used as covariates.

For multivariate analysis of serum aldosterone levels, PRA, serum sodium

concentration and serum potassium concentration, genotype and smoking

were used as fixed factors, and age, BMI, daily urinary sodium excretion and

creatinine clearance were used as covariates. In addition, in the GENRES study,

duration of hypertension was included as a covariate and earlier use of

antihypertensive medication was included as a fixed factor. In the replication

study of the referred hypertensive patients, sex, examination place (outpatient/

inpatient), use of a calcium channel blocker and use of potassium supplemen-

tation were included as fixed factors. In multivariate analysis in the combined

GENRES and referred hypertensive patients, the origin (GENRES study

subjects or referred hypertensive patients) and the examination place for

referred hypertensive patients (outpatient or inpatient) were adjusted for; that

is, the examination place consisted of three categories (GENRES/outpatient/

inpatient). Because antihypertensive drug BP responses are related to baseline

characteristics such as BP level and age,13 the results of multivariate analyses

were primarily considered when interpreting the results. As a consistency check,

univariate analysis P-values are also provided for the most significant findings

in the text and for all variants in Supplementary Table S2.

The reported P-values are not corrected for multiple comparisons. As 19

genotypes and the highly concordant SBP and DBP responses to four study

drugs were included, 76 genotype-related comparisons were performed; thus, a

significance level of 0.0007 using the Bonferroni correction was required.

Therefore, any association of gene loci with BP responses having P-values

greater than 0.0007 should only be considered suggestive. Corresponding

judgment was applied to the four secondary target variables and the four

baseline characteristic variables.

The GENRES study protocol included a priori power calculations.13 For the

current study, post-hoc calculations were performed by using the G*Power 3

program17 and the mean observed s.d. of DBP responses (4.25mmHg),14 allele

frequencies 0.50/0.50 (best-case scenario giving genotype group sizes 50–100–

50) and an a-level of 0.0007. Assuming clinically meaningful DBP response

levels of 2, 4 and 6mmHg for the genotype groups gives a power of 82%. For

smaller differences of 1mmHg, the power is 9%.

RESULTS

Allele frequencies and baseline characteristics
Successful genotyping calls were obtained for 98.4–100% of the
samples, with an overall success rate of 99.3%. Minor allele frequencies
varied between 0.07 and 0.48 (Table 1). All variants, except rs35929607
located in the STK39 gene (P¼0.007), were in accordance with Hardy–
Weinberg equilibrium. A total of 48 subjects were genotyped by
sequencing to ensure that there were no technical problems in the
genotyping of this variant. No discrepancies were observed between
genotypes determined by PCR amplification followed by restriction
enzyme digestion and genotypes determined by sequencing. Because a
total of 19 variants were genotyped, it is possible that this deviation
from Hardy–Weinberg equilibrium resulted from a chance occurrence.
Medians, interquartile ranges and Kruskal–Wallis P-values for age,

BMI, daily urinary sodium excretion, and ambulatory SBP and DBP
during placebo treatment for different genotypes are listed in Supple-
mentary Table S2. Compared with subjects from the other genotype
groups, subjects homozygous for the major rs653178 allele in the
ATXN2 gene had a higher SBP and DBP during placebo treatment
(P¼0.0002 and 0.007, respectively), a difference opposite to the
original study.4 Because both homozygous genotype groups had

higher BP levels than the heterozygotes, the significance of this
association remains obscure and may represent a chance finding.
Other genotype-related differences in baseline characteristics were
not significant.

Sequence variants and their relation to antihypertensive drug
responses
The medians, interquartile ranges, Kruskal–Wallis P-values and multi-
variate analysis P-values for BP response to amlodipine, bisoprolol,
hydrochlorothiazide and losartan for all genotypes are listed in
Supplementary Table S2.
The minor allele of rs6749447 of the STK39 locus was associated

with a significantly lower SBP and DBP response to losartan (P¼0.004
and 0.001, in Kruskal–Wallis test, and P¼0.0005 and 0.0002, in
multivariate analysis, respectively) (Figure 1 and Supplementary
Table S2). The median decrease in SBP with losartan treatment was
7.0mmHg both for subjects who were heterozygous and subjects who
were homozygous for the minor allele. The corresponding decrease for
subjects who were homozygous for the major allele was 10.8mmHg
(Figure 1). The median decrease in DBP with losartan treatment was
3.4mmHg for subjects who were homozygous for the minor allele,
4.6mmHg for subjects who were heterozygous and 6.8mmHg for
subjects who were homozygous for the major allele (Figure 1). The
basic multivariate model with no single-nucleotide variant included
explained only a small fraction of the total variability of losartan BP
response: the adjusted R2 values for SBP/DBP were only 0.024/0.039.
Inclusion of the rs6749447 variant in the model increased the adjusted
R2 values to 0.088/0.116.
The associations between the rs6749447 variant and losartan

response were the only associations that reached a significant level
(Po0.0007). No difference in ambulatory BP responses to losartan
was observed between any of the other genotypes studied.
In addition to this association, there were altogether four variants,

two for BP response to amlodipine (rs11191548 and rs6749447) and
two for BP response to bisoprolol (rs17367504 and rs11014166), that
showed some indication (Po0.05) of genotype-related differences to
the study drugs (Figure 2 and Table 2). No difference in BP response
to hydrochlorothiazide was observed between any of the genotypes
studied.

Figure 1 Systolic and diastolic ambulatory BP (ABP) response to losartan in

different rs6749447 genotype groups. The boxplots show medians and

interquartile ranges. P-values from comparison of the different genotype

groups in multivariate analysis are shown.
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Sequence variants and PRA, serum aldosterone levels and cation
concentrations in the GENRES study
The medians, interquartile ranges, and Kruskal–Wallis and multi-
variate analysis P-values for serum aldosterone levels, PRA, and serum
sodium and potassium concentrations for all the genotypes, are listed
in Supplementary Table S2.
Three variants, two for PRA (rs2820037 and rs11191548) and one

for serum aldosterone levels (rs16998073), showed some indication
(Po0.05) of genotype-related differences (Table 3). No differences in
serum sodium or potassium concentrations were observed between
any of the genotypes studied.

As the rs6749447 variation of the STK39 locus was significantly
associated with BP response to losartan, we analyzed its relation to the
baseline indicators of RAAS activity more carefully. Slightly lower PRA
and higher serum aldosterone levels were observed in subjects with the
minor rs6749447 allele (P¼0.29 and 0.12, respectively, in multivariate
analysis). Accordingly, we also studied the serum aldosterone/PRA
ratio and found that the minor homozygous subjects had a slightly
higher ratio than subjects with the major allele (P¼0.04 in multi-
variate analysis) (Figure 3a). Inclusion of the aldosterone/PRA ratio to
the multivariate model did not affect the association between the
rs6749447 variant and BP response to losartan.

Figure 2 Multivariate analysis P-values for systolic and diastolic ambulatory BP (ABP) responses to amlodipine, bisoprolol, hydrochlorothiazide and losartan

for the studied variants. The significance level of 0.0007, applying the Bonferroni correction, is indicated by the broken line and the significance level of

0.05 is indicated by the dotted line.

Table 2 Variants associated with Po0.0007 or showing some indication of (Po0.05) genotype-related difference in BP response to GENRES

study drugs

Variable Variant BP trait P-value Genotypes n Medians of BP responses Allele with better response

BP response to losartan rs6749447 SBP 0.0005 TT/TG/GG 107/76/19 10.8/7.0/7.0 T

rs6749447 DBP 0.0002 TT/TG/GG 107/76/19 6.8/4.6/3.4 T

BP response to amlodipine rs11191548 SBP 0.04 TT/TC/CC 172/30/3 7.6/6.7/4.9 T

rs6749447 SBP 0.04 TT/TG/GG 109/76/19 7.7/6.5/8.3 ?

BP response to bisoprolol rs17367504 DBP 0.002 AA/AG/GG 152/51/3 7.4/10.5/5.6 G

rs11014166 SBP 0.03 AA/AT/TT 109/80/17 11.6/9.7/9.8 A

BP response to HCT No variants

With Po0.05

Abbreviation: BP, blood pressure.
Median values and interquartile ranges are listed in Supplementary Table S2.

Table 3 Variants showing some indication of (Po0.05) of genotype-related differences in PRA and serum aldosterone levels

Variable Variant P-value Genotype Medians n Allele with higher activity or level

Plasma renin activity rs11191548 0.02 TT/TC/CC 1.2/0.7/1.4 203/35/3 T

rs2820037 0.03 AA/AT/TT 1.0/1.2/1.9 197/42/3 T

Serum aldosterone rs16998073 0.004 AA/AT/TT 401/484/401 111/108/25 ?

Abbreviations: BP, blood pressure; PRA, plasma renin activity.
Median values and interquartile ranges are listed in Supplementary Table S2.
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Replication of STK39 rs6749447-related results in referred
hypertensive patients
We performed a replicate analysis on STK39 variation and its relation
to blood aldosterone and renin levels in 315 referred hypertensive
patients, of whom 311 were successfully genotyped. The genotype
distribution was in accordance with Hardy–Weinberg equilibrium and
the observed minor allele frequency was 0.27. No differences in age,
BMI, daily urinary sodium excretion, and serum sodium or potassium
concentrations were observed between the STK39 genotypes.
Referred hypertensive patients homozygous for the minor

rs6749447 allele (genotype GG) tended to have lower PRA, higher

aldosterone levels and a consequently higher aldosterone/PRA ratio
than patients with the major allele, but the differences between the
genotypes were not statistically significant (Figure 3b). When genders
were analyzed separately, similar trends for lower PRA, higher
aldosterone levels and higher aldosterone/PRA ratios in the GG
genotype compared with the other genotypes (median values indi-
cated) were observed in both males (genotypes GG vs. GT+TT:
PRA, 0.7 vs. 1.5mg l�1 h�1; aldosterone, 866 vs. 661 pmol l�1; and
aldosterone/PRA ratio, 858 vs. 446 pmolmg�1 h) and females
(genotypes GG vs. GT+TT: PRA, 1.1. vs. 1.4mg l�1 h�1; aldo-
sterone, 622 vs. 565 pmol l�1; and aldosterone/PRA ratio, 549 vs.

Figure 3 Baseline PRA, serum aldosterone level and serum aldosterone/PRA ratio in different rs6749447 genotype groups in the GENRES study subjects

(a), in referred hypertensive patients (b), and in a combined group of GENRES subjects and referred hypertensive patients (c). The boxplots show medians

and interquartile ranges. P-values from comparison of the different genotype groups in multivariate analysis are shown.
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446 pmolmg�1 h), although these differences remained statistically
non-significant in both sexes.
However, when PRA, aldosterone levels and aldosterone-to-renin

ratios were analyzed in relation to the rs6749447 allele in the pooled
group of GENRES patients and referred hypertensive patients, PRA
was slightly lower (Mann–Whitney GG vs. GT+TT P¼0.05 and
multivariate P¼0.19), and aldosterone levels (Mann–Whitney GG
vs. GT+TT P¼0.09 and multivariate P¼0.02) and aldosterone/PRA
ratios were higher (Mann–Whitney GG vs. GT+TT P¼0.002 and
multivariate P¼0.01) in subjects homozygous for the minor allele
(Figure 3c). Note that baseline aldosterone levels were somewhat
higher in referred hypertensive patients than in the moderately
hypertensive GENRES study subjects (Figures 3a and b). Because
elevated BP has been associated with elevated aldosterone levels,18 this
probably reflects the more severe form of hypertension present in
referred hypertensive patients.

DISCUSSION

We report a pharmacogenetic analysis, directed by available GWAS
data, on the relation between 19 postulated susceptibility loci for
hypertension and responses to four different varieties of antihyper-
tensive drug treatment. As a principal finding, we obtained evidence
indicating that carriers of the STK39 minor rs6749447 allele (G allele)
have 3–4mmHg smaller systolic and diastolic antihypertensive
responses to losartan than those without this allele (Figure 1). We
also obtained some evidence suggesting that the rs6749447 poly-
morphism is associated with circulating aldosterone-to-renin ratios
in the GENRES study subjects. In a replication study performed in
another cohort of hypertensive subjects, a similar trend was observed.
When data from these two cohorts were pooled, patients homozygous
for the minor rs6749447 allele had significantly higher aldosterone
levels and aldosterone-to-renin ratios than subjects with the other
rs6749447 genotypes.
In the GENRES study,13 the efficacy of four different types of drugs

was studied in each individual, thus providing a specificity test to the
effect of each class of drug. The use of four different placebo periods
between the drug treatments to derive baseline BP levels diminishes
statistical variation, and 24-h ambulatory BP recordings were per-
formed throughout the study.
STK39 encodes a serine threonine kinase (STE20/SPS1-related

proline/alanine-rich kinase or SPAK) that regulates ion homeostasis
and volume control in mammalian cells, by controlling both the
activity and the expression of renal cation–chloride co-transporters,
including the Na+–K+–2Cl� co-transporter (NKCC1), the thiazide-
sensitive Na+–Cl� co-transporter (NCC) and the bumetanide-sensi-
tive Na+–K+–2Cl� co-transporter (NKCC2).19 SPAK is one of the
kinases proposed to operate under the control of WNK kinases
(WNK1, WNK2, WNK3 and WNK4) and to activate the co-trans-
porters by protein phosphorylation.19 This closely links the action of
SPAK to regulation of the extracellular fluid volume and thereby BP.
Common variation of STK39 was initially associated with office SBP

and DBP levels in Amish and non-Amish Caucasian cohorts, totally
comprising more than 7000 individuals.6 Three recent studies have
provided additional evidence for the role of STK39 in hyperten-
sion.7,9,10 First, a study performed in 1017 African Americans (509
hypertensives and 508 normotensives) was able to provide supporting
evidence for the association of STK39 variants and office SBP and DBP
levels.7 Second, in a study performed with 5808 Han Chinese (2746
hypertensives (1665 males) and 3062 normotensives (2006 males)),
two STK39 variants were identified as risk factors for male hyperten-
sion.9 Third, in a study conducted in two Swedish cohorts consisting

of over 20 000 participants, the rs35929607 variant in STK39 was
associated with hypertension, especially in women (n413000).10

Some evidence of a role for STK39 variants in salt sensitivity was
also obtained from this study when the salt sensitivity was studied in
39 Swedish normotensive subjects10 and from a study of 101 Korean
subjects (73 salt-resistant and 28 salt-sensitive).20 By contrast, the
association between three of the STK39 variants (rs3754777,
rs35929607 and rs6749447) and ambulatory BP could not be con-
firmed in a family-based British Caucasian study involving 1372
subjects from 247 families ascertained through probands with essential
hypertension, although the same authors were able to provide in vitro
data favoring a potential role for STK39 in BP regulation (see below).8

Because our studies are focused on BP responses to antihypertensive
drugs and RAAS activity, our results cannot confirm the association
between STK39 variation and elevated BP. These data do, however,
suggest that STK39 variation may influence the phenotype, including
drug responsiveness, of hypertension. Additional evidence supporting
the role of STK39 variation in BP regulation comes from experimental
studies in vitro. Wang et al.6 performed transfection experiments using
artificial luciferase constructs in HELA and HEK293 cell lines, and
were able to demonstrate that the minor G allele of rs35929607,
associated with elevated BP, was also associated with enhanced gene
transcription. The same authors also investigated the expression
pattern of SPAK in rat kidney and found SPAK immunostaining at
the sites of NCC and/or NKCC2 expression, including the thick
ascending loop of Henle, the distal convoluted tubules and the cortical
collecting ducts.6 Cunnington et al.8 investigated potential STK39
allelic expression differences in peripheral blood, using lymphocyte
samples from STK39 heterozygotes and the allelic expression imbal-
ance technique. The most significant association was for rs6749447,
with the minor G allele estimated to have a 13% increase in expression
relative to the major T allele.8 The minor allele was associated with
elevated BP in the initial GWAS.6 In concordance with the in vitro
transfection experiments performed using luciferase constructs,6 the
corresponding increase in expression for the minor G allele of
rs35929607 was estimated to be 7%.8 Collectively, the available
GWASs and in vitro data, as well as the fact that no coding or splicing
variants were identified in the STK39 region associated with hyperten-
sion,6 strongly suggest that STK39 variation is indeed associated with
risk of hypertension and that the variants identified are functionally
relevant.
In our study, the minor G allele of rs6749447 was associated with a

significantly lower ambulatory SBP and DBP response to the angio-
tensin-II receptor type-1 blocker losartan. This association reached a
significant level even after correction for multiple testing. In addition,
subjects homozygous for the minor G allele appear to have a higher
serum aldosterone/PRA ratio, as judged by a combined study of two
hypertensive patient groups (Figure 3). The mechanisms underlying
these associations remain poorly understood at present. Angiotensin-
II increases the activity of the NCC in vitro as studied in Xenopus
oocytes.21 This activation is mediated by the serine-threonine protein
kinases WNK4 and SPAK.21 The use of a dominant-negative SPAK, or
elimination of SPAK, prevents activation of NCC by angiotensin-II.
Activation of NCC requires phosphorylation of regulatory sites of
SPAK, which is blocked by losartan.21 In accordance with these
findings, Talati et al.22 recently reported that angiotensin-II phosphor-
ylates and upregulates NCC in cultured mouse kidney cells as well as
in mice in vivo. Furthermore, knock-in mouse with STK39 mutations
that prevent activation of SPAK by WNK1 and WNK4 have reduced
NCC and NKCC2 expression in the kidneys and also reduced BP.23

The complexity of this regulatory system is even more increased in
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view of findings showing that aldosterone is directly involved in the
phosphorylation of SPAK and NCC, which action is activated by low-
salt diets.24

Although STK39 mRNA is known to be expressed in the adrenal
cortex (http://biogps.gnf.org/), we can still not provide an explanation
for a relation between an STK39 genotype compatible with increased
SPAK expression and relative overproduction of aldosterone compared
with PRA (Figure 3). Whatever the underlying cause, this endocrine
profile may partly explain the relatively limited efficacy of losartan in
these individuals. The minor rs6749447 allele has been associated with
increased STK39 expression.8 In our study, patients with the minor
rs6749447 allele did not have a better BP response to hydrochlor-
othiazide that would block increased NCC activity. A lack of associa-
tion between STK39 variation and thiazide responsiveness was also
very recently reported by Duarte et al.25 It is therefore possible that the
observed effect of the minor allele of rs6749447 on losartan response is
mediated by pathways other than NCC.
There are several important limitations in the present study. Only

White men were studied, and even if the GENRES study represents the
largest multi-drug pharmacogenomic study on hypertension using a
double-blind, cross-over approach and ambulatory BP recordings thus
far, its power to find significant associations between gene variants
and 1- to 2-mmHg differences in drug responses is limited. Further-
more, the results of our study may not necessarily be valid for the
clinically often encountered situations where angiotensin-II
receptor blockers are used as components of drug combinations. In
summary, the present study should be considered exploratory in
nature, calling for replication studies in which associations between
genetic variation and responses to losartan and other angiotensin
blockers are studied.
Of all 19 gene variants selected and four drugs examined, the

association between BP response to losartan and the rs6749447 variant
in the STK39 gene was the only one that reached a significant level.
While this association in terms of genotype-related differences in BP
responses may at first glance appear only nominal, it should be
emphasized that we used a preset hypothesis by selection of a panel
of genetic variants with a proposed role in regulation of BP level. We
also used a highly conservative statistical approach and were able to
replicate the endocrinological results. While our study was designed to
study BP responses to specific study drugs in essential hypertension,
most of the GWASs were set to detect differences in population-based
BP levels or associations to hypertension per se.
The negative results for most of the variants might be explained

by the different settings between our study and the GWASs. There
were, however, several variants that yielded P-values o0.05 (but
higher than the Bonferroni-corrected level 0.0007) for BP response
to the study drugs (Table 2). The significance of these findings
remains to be explored. Three variants, one for serum aldosterone
levels (rs16998073) and two for PRA (rs2820037 and rs11191548),
yielded P-values o0.05. The lower aldosterone levels observed in
subjects homozygous for the minor or the major rs16998073 allele,
and the higher PRA observed in subjects homozygous for the minor
or the major rs11191548 allele as compared with subjects hetero-
zygous for these alleles, remain obscure. In the case of rs11191548,
this might be a chance finding caused by the low number (n¼3)
of the minor allele homozygotes. Considering these single-nucleotide
variants (Table 3), only in the case of the rs2820037 variation PRA
followed a logical genetic model, but this association did not reach
sufficient significance upon strict statistical analysis.
In conclusion, as a novel finding this study demonstrates an

association between the rs6749447 polymorphism of the STK39

gene and BP responses to losartan. We believe that this finding,
supplemented with baseline data suggesting association of the same
variation with circulating renin and aldosterone levels, provides
further support for STK39 as a susceptibility gene for essential
hypertension. If confirmed, these findings may have applicability
toward antihypertensive drug design.
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