
Martin Reincke and Felix Beuschlein
Petersen, Angela Döring, Antonio Rossi, Martin Bidlingmaier, Richard Warth, Christian Gieger,

Sheerazed Boulkroun, Arndt G. Benecke, Luca Monti, Maria-Christina Zennaro, Ann-Kristin 
Ariadni Spyroglou, Tarik Bozoglu, Rajesh Rawal, Fabio De Leonardis, Christina Sterner,

and Regulates Aldosterone Secretion
Diastrophic Dysplasia Sulfate Transporter (SLC26A2) Is Expressed in the Adrenal Cortex

Print ISSN: 0194-911X. Online ISSN: 1524-4563 
Copyright © 2014 American Heart Association, Inc. All rights reserved.

is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231Hypertension 
 published online March 3, 2014;Hypertension. 

 http://hyper.ahajournals.org/content/early/2014/03/03/HYPERTENSIONAHA.113.02504
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

 http://hyper.ahajournals.org/content/suppl/2014/03/03/HYPERTENSIONAHA.113.02504.DC1.html
Data Supplement (unedited) at:

  
 http://hyper.ahajournals.org//subscriptions/

is online at: Hypertension  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Permissions and Rights Question and Answer this process is available in the

click Request Permissions in the middle column of the Web page under Services. Further information about
Office. Once the online version of the published article for which permission is being requested is located, 

 can be obtained via RightsLink, a service of the Copyright Clearance Center, not the EditorialHypertensionin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from  at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from 

http://hyper.ahajournals.org/content/early/2014/03/03/HYPERTENSIONAHA.113.02504
http://hyper.ahajournals.org/content/early/2014/03/03/HYPERTENSIONAHA.113.02504
http://hyper.ahajournals.org/content/suppl/2014/03/03/HYPERTENSIONAHA.113.02504.DC1.html
http://hyper.ahajournals.org/content/suppl/2014/03/03/HYPERTENSIONAHA.113.02504.DC1.html
http://www.ahajournals.org/site/rights/
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://www.lww.com/reprints
http://hyper.ahajournals.org//subscriptions/
http://hyper.ahajournals.org//subscriptions/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/


1

Arterial hypertension is a major cardiovascular risk fac-
tor that affects ≈30% to 60% of the population depend-

ing on the age group concerned.1 Pathogenic mechanisms 
underlying so-called essential hypertension are complex and 
include genetic and environmental, and vascular and hor-
monal factors. In community-based samples, increased aldo-
sterone levels within the physiological range predispose to 
the development of high blood pressure.2,3 On the far side of 
the spectrum, primary aldosteronism (PA), a form of endo-
crine hypertension, is characterized by inappropriately high 
aldosterone levels suppressing plasma renin concentrations, 
elevated blood pressure, and hypokalemia. PA is now recog-
nized as the most common cause of secondary hypertension.4,5 

Aldosterone excess in the context of PA is relatively autono-
mous from angiotensin II stimulation and, thus, nonsup-
pressible by sodium loading. Aldosterone-producing adrenal 
adenomas or bilateral adrenal hyperplasia are responsible for 
the vast majority of cases, adenomas presenting more promi-
nent renin system independency of aldosterone secretion.5,6

Despite its high prevalence, to date, the genetic causes 
of PA have been elucidated mainly in rare familial forms of 
the disease. Few families have been identified with familial 
hyperaldosteronism type 1, also known as glucocorticoid 
remediable hyperaldosteronism. This disease is caused by 
unequal crossing over of the CYP11B1 (11β hydroxylase) 
and CYP11B2 (aldosterone synthase) and the formation of a 

Abstract—Elucidation of the molecular mechanisms leading to autonomous aldosterone secretion is a prerequisite to define 
potential targets and biomarkers in the context of primary aldosteronism. After a genome-wide association study with 
subjects from the population-based Cooperative Health Research in the Region of Augsburg F4 survey, we observed a 
highly significant association (P=6.78×10–11) between the aldosterone to renin ratio and a locus at 5q32. Hypothesizing 
that this locus may contain genes of relevance for the pathogenesis of primary aldosteronism, we investigated solute 
carrier family 26 member 2 (SLC26A2), a protein with known transport activity for sulfate and other cations. Within 
murine tissues, adrenal glands showed the highest expression levels for SLC26A2, which was significantly downregulated 
on in vivo stimulation with angiotensin II and potassium. SLC26A2 expression was found to be significantly lower in 
aldosterone-producing adenomas in comparison with normal adrenal glands. In adrenocortical NCI-H295R cells, specific 
knockdown of SLC26A2 resulted in a highly significant increase in aldosterone secretion. Concomitantly, expression 
of steroidogenic enzymes, as well as upstream effectors including transcription factors such as NR4A1, CAMK1, and 
intracellular Ca2+ content, was upregulated in knockdown cells. To substantiate further these findings in an SLC26A2 
mutant mouse model, aldosterone output proved to be increased in a sex-specific manner. In summary, these findings point 
toward a possible effect of SLC26A2 in the regulation of aldosterone secretion potentially involved in the pathogenesis of 
primary aldosteronism.   (Hypertension. 2014;63:00-00.) • Online Data Supplement
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hybrid gene, which results in adrenocorticotropic hormone-
dependent production of aldosterone.7 Only recently, muta-
tions in KCNJ5 have been determined as the cause of familial 
hyperaldosteronism type 3.8 Interestingly, somatic mutations 
in the potassium channel KCNJ5 have also been identified in 
a large proportion of sporadic aldosterone-producing adeno-
mas (APAs), confirming the effect of this gene on autono-
mous aldosterone secretion.9 Familial hyperaldosteronism 
type 2 summarizes several forms of genetically determined 
PA. Likewise, the morphological and functional phenotype of 
familial hyperaldosteronism type 2 is variable from APAs to 
bilateral hyperplasia. A locus has been mapped on chromo-
some 7p22 in some but not all families,10 but the linkage area 
has not been resolved to any causative mutation.

Similar to investigations in inbred mouse strains,11 in 
population-based studies, the aldosterone to renin ratio (ARR) 
has been recognized as an inherited trait and predictor of 
increased blood pressure.12,13 Technological advances in human 
genomics now allow studying a large entity of the allelic 
spectrum from the frequent to the rare inherited or de novo 
genetic variants. Genome-wide association studies (GWAS) 
are powerful tools to identify common genetic susceptibility 
loci in human heredity and disease. GWAS use genotyping 
arrays of a dense set of common single-nucleotide polymor-
phisms to generate genotypes in large populations of cases and 
controls.14 This method has greatly improved our knowledge 
about human genetics, especially for common diseases, where 
genetic and environmental factors both contribute to disease 
susceptibility.15 In fact, in a recent GWAS, systolic and dia-
stolic blood pressure has been correlated with 16 novel loci.16

The specific aim of this study was the detailed molecular 
and functional characterization of genes involved in the regu-
lation of the renin–angiotensin–aldosterone pathway identi-
fied by GWAS in a population-based study. We speculated that 
by combining genetic techniques with molecular in vitro and 
in vivo studies, novel genes could be identified with particu-
lar relevance for the pathophysiology of hypertension and its 
associated sequelae.

Materials and Methods
Genome-Wide Association Study
The Cooperative Health Research in the Region of Augsburg cohort 
consists of all German residents of this region17 from which a 
2-stage cluster sample of 6640 subjects aged 24 to 75 years was 
obtained. From all participants of the Cooperative Health Research 
in the Region of Augsburg F4 cohort, a fasting venous blood sample 
was obtained while in a sitting position. The study protocol had 
been accepted by the local ethics committee, and all participants 
provided written informed consent. Genome-wide association of 
the ARR with genetic markers was applied on 1814 subjects from 
this cohort (for the methods applied, see ref 18) using a 1000 K chip 
(Affymetrix 6.0, genotyping at the Helmholtz Zentrum Munich, 
Neuherberg, Germany). Twenty-eight patients on hypertensive 
treatment were excluded, leaving 1786 subjects for final analysis. In 
total, ≈2.7 million of directly genotyped or imputed single-nucleo-
tide polymorphisms were analyzed.

Hormone Measurements
Aldosterone was determined with an in-house time-resolved fluo-
rescent immunoassay as described in detail before.19 Cortisol 
concentrations were determined using an automated chemilumines-
cence assay (Liaison, Diasorin, Italy). Corticosterone levels were 

measured by Corticosterone EIA kit (Immunodiagnostic Systems, 
United Kingdom).

Microarray Analysis
mRNA expression data for 91 APA samples with genotype data 
and 11 control adrenals were retrieved from a pangenomic tran-
scriptome analysis performed on 123 samples collected through 
the COrtico et MEdullosurrénale: les Tumeurs Endocrines net-
work from patients operated on APA between 1994 and 2008 in 
the Hypertension Unit at the Hôpital Européen Georges Pompidou 
in Paris. Procedures for data acquisition and calculation have been 
described in details elsewhere.9

Animal Experiments
All animal studies were performed according to protocols exam-
ined and approved by the Animal Care and Use Committee of the 
University of Pavia or the Regierung von Oberbayern according 
to the German Animal Protection Law, respectively. Dtd (slc26a2 
mutant and wild-type control) and C3HeB/FeJ mice were kept in a 
specific pathogen-free animal facility area at an ambient tempera-
ture of 25±2°C (relative humidity, 60±5%) on a 12/12 hour light/
dark cycle. Animals were fed with standard pelleted food no. 2018 
(Harlan Laboratories, Udine, Italy) or chow no. 1314 (Altromin, 
Lage, Germany), respectively, ad libitum with free access to tap 
water. Specific methods of performed experiments are described in 
the online-only Data Supplement information.

Quantitative Real-Time Polymerase Chain Reaction
Both adrenals from each individual animal were combined and 
homogenized in lysis buffer while still frozen. NCI-H295R cells 
were lysed directly by addition of lysis buffer. RNA extraction from 
lysates was performed using the The RNeasy Plus Mini Kit accord-
ing to the instructions of manufacturer (Qiagen, Hilden, Germany). 
RNA quality was verified on a 1.5% agarose gel. For cDNA syn-
thesis, 1 μg of total RNA was reverse transcribed using the reverse 
transcription system (Fermentas, St Leon-Rot, Germany). Gene 
expression of slc26a2 and selected genes involved in steroidogen-
esis were investigated using real-time polymerase chain reaction. 
For primer sequences, annealing temperatures, and polymerase 
chain reaction conditions, see the online-only Data Supplement 
information.

Cell Culture
NCI-H295R (CRL-2128; American Type Culture Collection, 
Manassas, VA) cells were cultured in a RPMI 1640 medium (Gibco, 
Life Technologies, Darmstadt, Germany) supplemented with 10% 
fetal bovine serum, 1% insulin–transferrin–selenium supplement, 
1% penicillin/streptomycin, and 100 nmol/L hydrocortisone in 
a humidified atmosphere (95% CO

2
). For stimulation and inhibi-

tion experiments, cells were seeded in 24-well plates at 200 000 
cells per well and grown for 48 hours. Cells were then treated 
with 10 mmol/L KCl, 100 nmol/L angiotensin II (Sigma-Aldrich, 
Taufkirchen, Germany), or 10 μmol/L Forskolin (Sigma-Aldrich) 
for stimulation of aldosterone synthesis. For suppression experi-
ments, 3 μmol/L calmidazolium or KN-93 (Sigma-Aldrich) was 
included in the treatment. After incubation for 48 hours, supernatant 
and cells from each well were harvested for aldosterone measure-
ment and RNA extraction.

Knockdown Experiments
Knockdown of solute carrier family 26 member 2 (SLC26A2) expres-
sion in NCI-H295R cells was achieved using MISSION shRNA 
lentiviral transduction particles from Sigma-Aldrich. The shRNA 
sequences were validated by The RNAi Consortium and were 
inserted into The RNAi Consortium 2 pLKO-puro plasmid backbone. 
For the lentiviral infections, protocol of manufacturer was followed 
with modifications (refer to the online-only Data Supplement infor-
mation for expanded description of protocol).
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Quantification of Intracellular Ca2+ Concentration
Intracellular Ca2+ was measured with a filter wheel–based imaging 
system (Universal Imaging Corporation, Downingtown, PA) mounted 
on an inverted microscope (Axiovert 200, Zeiss, Jena, Germany) using 
the ratiometric Ca2+ dye fura-2-AM (Invitrogen; excitation at 340 nm 
and 380 nm; emission, 490–530 nm). NCI-H295R cells grown on 
glass cover slips were loaded with fura-2-AM (50 μmol/L) for 30 
minutes at 37°C. The extracellular Ringer-type solution contained (in 
mmol/L) 137 NaCl, 5 glucose, 1 MgCl

2
, 1.3 CaCl

2
, 5 HEPES, and 5 

KCl (pH 7.4). For high Ca2+ and K+ solutions, Na+ was replaced by the 
respective amounts of Ca2+ and K+. Measurements were performed at 
37°C. Mean fluorescence ratios were calculated for single cells using 
the Metafluor software (Universal Imaging, West Chester, PA).

Statistical Analysis
Statistical analysis was performed with the Prism3.02 (GraphPad 
Software, La Jolla, CA). All results are expressed as mean±SEM. 
Statistical significance was determined using the Student t test, 
whereas for expression array analyses, the Mann–Whitney test was 
applied. Statistical significance was denoted by asterisks in the fig-
ures as *P<0.05, **P<0.01, and ***P<0.001.

Results
GWAS for Aldosterone to Renin Ratio
The GWAS performed on 1786 subjects of the Cooperative 
Health Research in the Region of Augsburg F4 cohort dem-
onstrated strong linkage of the ARR to chromosome 5 reach-
ing genome-wide significance (P=6.78×10–11; Figure  1A). 
The identified locus included 4 known genes (Figure 1B): 
SLC26A2, HMGXB3 (HMG box domain containing 3), 
TIGD6 (tigger transposable element derived 6), and CSF1R 
(colony-stimulating factor 1 receptor). Because there 
was no evidence for functional effect of the CSF1 system 
in aldosterone production (Figure S1 in the online-only 
Data Supplement) and because of its known function as a 

transporter and based on initial expression studies, SLC26A2 
was chosen for further investigation.

Expression of SLC26A2 in Murine Tissues and 
Human APA
After real-time polymerase chain reaction analysis in 
wild-type mice, highest levels of slc26a2 mRNA were identi-
fied in murine adrenal glands (100±4%) in comparison with 
kidney (40±3%; P<0.001), lung (35±2%; P<0.001), heart 
(51±1%; P<0.001), liver (19±1%; P<0.001), and spleen 
(5±0.1%; P<0.001) among other organs (Figure 2A). Similar 
results were obtained by immunohistochemistry, demon-
strating adrenocortical expression in human tissue samples, 
where SLC26A2 protein expression was detected in the adre-
nal cortex with less intensity in APA samples (Figure S2). 
Likewise, expression of SLC26A2 was readily detectable in 
the human adrenocortical cell line NCI-H295R (Figure 4A). 
Furthermore, SLC26A2 expression was investigated in a series 
of human surgical tumor samples. Thereby, APAs displayed 
significantly lower SLC26A2 mRNA levels than normal adre-
nal tissues (12.4±1.1 versus 31.2±4.2; P<0.0001; Figure 2B). 
This finding was independent of sex (Figure 2C) or any under-
lying somatic mutation in KCNJ5 or ATPase (ATP1A1 and 
ATP2B3) in the adenomas (Figure 2D).

Transcriptional Regulation of slc26a2 In Vivo
We next investigated slc26a2 expression in wild-type mice 
that were treated with different stimulators of aldosterone 
secretion such as angiotensin II and potassium. Short-term 
stimulation with angiotensin II resulted in a significant down-
regulation of adrenal slc26a2 expression at 120 minutes 

Figure 1. Genome-wide association study (GWAS) for 
aldosterone to renin ratio (ARR). A, GWAS of 1786 subjects from 
the Cooperative Health Research in the Region of Augsburg 
F4 population using 1000 K Affymetrix chip, and the ARR are 
depicted as a Manhattan plot, demonstrating a genome-wide 
significant locus (P=6.78×10–11) within chromosome 5.  
B, Zooming into the specific locus indicates position of genes 
within this region including SLC26A2 (solute carrier family 26 
member 2), HMGXB3 (HMG box domain containing 3), TIGD6 
(tigger transposable element derived 6), and CSF1R  
(colony-stimulating factor 1 receptor).

Figure 2. Expression of solute carrier family 26 member 2 
(SLC26A2) mRNA in murine tissues and human aldosterone-
producing adenomas (APAs). A, Investigation of tissue 
distribution in wild-type mice demonstrates slc26a2 expression 
to be highest in adrenal glands in comparison with a variety 
of other tissues. *Significant differences to adrenal gland 
expression. B–D, SLC26A2 expression is significantly lower in 
APAs (n=91) in comparison with control adrenal glands (normal 
adrenal, n=11; B). Within the groups of APAs, expression 
was independent of sex (C) or underlying somatic mutation in 
KCNJ5 (KCNJ5+), ATP1A1, and ATP2B3 (ATPase+; D). Whisker 
plots depicting first, second, and third quartiles, with whiskers 
for 1.5 interquartile range of the lower and upper quartile and 
dots for outliers are shown. *Statistical significance: *P<0.05, 
**P<0.01, and ***P<0.001.
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(49±7% versus 100±14%; P<0.05; Figure 3A). Similarly, after 
potassium supplementation in the drinking water for 1 week, 
adrenal slc26a2 expression was significantly downregulated 
at day 1 (58±2%; P<0.05) and day 4 (49±15%; P<0.05) in 
comparison with baseline values (100±14%) while this effect 
was less pronounced at the end of the experiment (Figure 3B). 
Taken together, these findings demonstrated relevant expres-
sion changes of adrenal slc26a2 on stimulation experiments, 
suggesting a potential role of this transporter on adrenal aldo-
sterone output.

Aldosterone Output and Steroidogenesis on 
SLC26A2 Knockdown in NCI-H295R Cells
We next aimed at the evaluation whether SLC26A2 function 
in adrenocortical cells would effect directly on aldosterone 
secretion. To answer this question, we used a lentiviral based 
knockdown system in adrenocortical NCI-H295R cells. After 
this approach, we achieved knockdown efficacy in the range 
of 20% of untreated cells (untreated versus shSLC26A2; 
P<0.001; Figure 4A). In contrast to an unspecific, nontarget-
ing shRNA construct that did not affect aldosterone secre-
tion compared with untreated NCI-H295R cells, specific 
knockdown of SLC26A2 resulted in a significant increase in 
aldosterone levels in the supernatant (111±1 versus 54±3 pg/
mL; P<0.001). Accordingly, aldosterone biosynthesis after 
stimulation with potassium and angiotensin II was enhanced 
further by SLC26A2 knockdown (Figure 4B). On a molecu-
lar level, HSD3B2 and CYP11B2 expression was upregulated 
in knockdown cells under baseline conditions (HSD3B2: 
181±4% versus 100±5%, P<0.001; CYP11B2: 222±9% 
versus 100±10%, P<0.001) and was enhanced further on 
stimulation by potassium and angiotensin II (Figure 4E and 
4F). Similar, but overall less relevant changes were observ-
able for StAR and CYP11A1 expression (on angiotensin II 
stimulation, StAR, 107±2% versus 60±1%, P<0.001 and 
CYP11A1, 271±30% versus 78±19%, P<0.01; Figure 4C and 
4D). In addition, only minor changes were seen for CYP11B1 
expression (Figure S3). Accordingly, in serum-starved cells, 
differences in cortisol output was much less prominent for 
cortisol (baseline, 3-fold increase) as for aldosterone (base-
line, 12-fold increase; Figure S4).

Molecular Pathways Involved in slc26a2-Dependent 
Aldosterone Secretion
Because Ca2+-dependent signaling represents the best charac-
terized pathway involved in aldosterone regulation,20 we inves-
tigated potential changes in the Ca2+/calmodulin-dependent 
protein kinase signaling pathway in the context of SLC26A2 
knockdown. In fact, pharmacological blockage of calmodulin 

by calmidazolium and CaM kinase by KN-93 in SLC26A2 
knockdown cells caused a significant reduction of aldoste-
rone output (calmidazolium, –2.06±0.10-fold, P<0.001; 
KN-93, –3.37±0.17 fold, P<0.0001). In contrast, these dif-
ferences were less evident in control cells (calmidazolium, 
–1.26±0.05-fold, P<0.03; KN-93, –1.37±0.10-fold, P<0.03; 
Figure  5A). Along the same line, intracellular Ca2+ content 
was significantly higher in knockdown cells, independent of 
the applied experimental conditions (Figure 5B). Furthermore, 
expression levels of CAMK1 at baseline conditions and on 
potassium and angiotensin stimulation were elevated (base-
line, 180±4% versus 100±2%; P<0.001; Figure 5C), as well 
as further downstream effectors such as the transcription 
factors NR4A1 (baseline, 131±3% versus 100±2%; P<0.01) 
and NR4A2 (baseline, 154±6% versus 100±6%; P<0.01; 
Figure 5D) providing further evidence for an involvement of 
Ca2+ signaling in the mediation of SLC26A2-dependent effects 
on aldosterone output.

Aldosterone Output and Steroidogenesis in a 
slc26a2 Knockin Mouse Model
To substantiate further these findings of the role of adrenal 
SLC26A2 expression on aldosterone output, we went on to 
an in vivo system. Specifically, we made usage of a slc26a2 
knockin model in which a mutation as detected in a patient 

Figure 4. Steroidogenesis is upregulated in adrenocortical cells 
on solute carrier family 26 member 2 (SLC26A2) knockdown.  
A, SLC26A2 expression in untreated NCI-H295R cells, in  
NCI-H295R cells transfected with nontargeting shRNA (shCTRL), 
and in cells transfected with a specific SLC26A2 shRNA 
(shSLC26A2). B, Aldosterone production and mRNA expression 
of (C) StAR, (D) CYP11A1, (E) HSD3B, and (F) CYP11B2 in 
control cells and specific knockdown cells at baseline conditions 
on KCl and angiotensin II stimulation, respectively. *Significant 
differences between shCTRL and shSLC26A2 cells within an 
experimental condition, whereas # depict significant differences 
between baseline and stimulated cells: */#P<0.05, **/##P<0.01, 
and ***/###P<0.001.

Figure 3. Transcriptional regulation of solute carrier family 26 
member 2 (slc26a2) in vivo in mice. SLC26A2 expression is 
significantly downregulated in adrenals from wild-type animals on 
angiotensin II stimulation (A) and after a high potassium diet (B). 
*Significant differences in comparison with baseline values.
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with mild phenotype of diastrophic dysplasia (p.A386V) had 
been introduced. In this model, a further splicing impair-
ment is present, resulting in both structural protein changes, 
as well as reduced expression levels of mutation carrying 
slc26a2 mRNA.21 Although no morphological alterations 
were observed in adrenals of mutant animals compared 
with wild-type controls (Figure  6A–6D), as expected adre-
nal slc26a2 expression was significantly reduced in animals 
of both sexes (males: 17±3% versus 100±12%, P<0.001; 
females: 12±1% versus 177±21%, P<0.01; Figure  6E). 
Interestingly, aldosterone output was significantly increased 
in female animals (242±57 versus 22±2 pg/mL; P<0.01; 
Figure 6F), whereas only slight differences were observed in 
male mice (84±10 versus 70±7 pg/mL; P=0.27). In addition, 
although there were significant differences for corticoste-
rone levels between wild-type and mutant animals, no such 
sex difference was evident for animals of the same genotype 
(Figure S5). Steroidogenic enzymes with a less specified 
expression pattern (star, cyp11a1) or a more zona fascicu-
lata–specific distribution (Hsd3b1) showed a tendency or sig-
nificant downregulation in the mutant mice (Figure 6G–6H 
and Hsd3b1, males: 90.3±7.9% versus 100±8.4%, P=0.431; 
females: 81.9±1.4% versus 132.9±11.4%, P<0.05). In con-
trast, adrenal enzymes with a more specific role in aldosterone 
synthesis and preferential expression in the zona glomeru-
losa including hsd3b6 (males: 173±20% versus 100±19%, 
P<0.03; females: 153±36% versus 75±8%, P<0.009; Figure 
6I) and cyp11b2 (males: 215±64% versus 100±14%, P=0.2; 
females: 120±42% versus 107±14%, P=0.7; Figure 6J) 
showed a significantly higher expression levels or a trend 
toward higher expression levels in mutant animals. Although 

some sex-specific changes were evident, trends for differ-
ences between wild-type and slc26a2 mutant animals were 
comparable.

Discussion
The clinical hallmark of classical PA is hypokalemic hyper-
tension with low plasma renin and elevated aldosterone, 
which occurs as a result of a dysregulated adrenal aldosterone 
production. In addition to these effects of aldosterone excess, 
a continuous gradient of increasing risk of blood pressure 
progression across ARR levels has been recognized in non-
hypertensive individuals.12 According to twin studies, a strong 
familial pattern of biochemical markers of glucocorticoid and 
mineralocorticoid secretion has been demonstrated.22 Along 
the same line, the heritability for ARR was found to be 40% 
after multivariable adjustment in the Framingham study12 and 
38% in a UK study.13 Herein, we were able to identify a locus 

Figure 5. Induction of Ca2+-dependent signaling in adrenocortical 
cells on solute carrier family 26 member 2 (SLC26A2) 
knockdown. A, Pharmacological blockage of calmodulin by 
calmidazolium and CaM kinase by KN-93 causes a more 
pronounced reduction in aldosterone biosynthesis in SLC26A2 
knockdown cells in comparison with control cells. Knockdown of 
SLC26A2 is associated with higher intracellular Ca2+ levels  
(B) and mRNA expression of CAMK1 (C) and NR4A2 (D) 
at baseline conditions and on potassium and angiotensin 
stimulation. *Significant differences between shCTRL and 
shSLC26A2 cells within an experimental condition, whereas # 
depict significant differences between baseline and stimulated 
cells: */#P<0.05, **/##P<0.01, and ***/###P<0.001.

Figure 6. Solute carrier family 26 member 2 (Slc26a2) mutant 
animals display higher aldosterone output in a sex-dependent 
manner. A–D, No gross alterations in adrenal morphology and 
zonation are evident in slc26a2 mutant animal in comparison 
with wild-type controls. E, As expected, adrenal slc26a2 
mRNA expression is significantly lower in knockout animals. 
F, This difference is associated with higher serum aldosterone 
concentrations in female mice, lower expression of zone-
unspecific or zona fasciculata–specific steroidogenic enzymes 
including Star (G) and cyp11a1 (H), and higher expression of 
glomerulosa-specific enzymes such as hsd3b6 (I) and cyp11b2 
(J). Bars in A–D represent 50 μm. *Significant differences between 
mutant and wild-type animals within the same sex group.
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that contained only a small number of genes including that of 
SLC26A2, with a highly significant correlation to the ARR in 
a large population-based sample.

Elevation of ARR is predominantly a low renin indica-
tor,23 and low renin levels can result in false-positive ARR 
even when plasma aldosterone levels are inappropriately low 
to suggest PA. Along the same line, the cutoff between PA 
and low renin hypertension is arbitrary.24 However, despite 
these limitations, application of the ARR for the screening of 
PA is widely accepted and part of international guidelines.25 
Importantly, the starting point for the current investigation 
was a population-based cohort. Although it is to be expected 
that a small percentage of patients with PA are among hyper-
tensive individuals,18 we did not concentrate on this disease 
entity but rather included subjects within the whole spectrum 
of distribution of the renin–angiotensin–aldosterone system. 
Similar approaches in other GWAS have been applied recently 
for quantitative traits such as urate,26 glucose,27 and adipo-
nectin28 but also systolic or diastolic blood pressure.16 This, 
however, does not weaken the conclusion that a correlation 
between a genetic locus and a phenotypic trait exist that has a 
high probability for a functional effect. In fact, from both the 
in vitro and in vivo experiments conducted in this study, we 
could provide evidence for a direct link between SLC26A2 
function and regulation of adrenal aldosterone output.

The solute carrier 26 transporters represent anion transport-
ers with diverse substrate specificity. Several members are 
ubiquitously expressed, whereas others show tissue restricted 
distribution. They are present in epithelia and, to the extent 
known, play a central role in anion secretion and absorp-
tion.29 As evident in the literature, SLC26A2 is abundant in 
many epithelia, as well as in connective tissues.30 It has been 
proposed that SLC26A2 functions as a SO

4
2−/Cl− but not as 

a SO
4

2−/HCO
3

− exchanger.31 Through its ability to transport 
SO

4
2−, SLC26A2 provides the substrate for proteoglycan 

sulphation, which is required for cartilage development.21 
Accordingly, mutations in the SLC26A2 gene cause dia-
strophic dysplasia, a disease characterized by severe cartilage 
and bone malformation.32 In contrast, to date, no data had 
indicated a potential role of SLC26A2 in adrenal function or 
a contribution to hyperaldosteronism. We herein demonstrate 
that SLC26A2 is highly expressed in the adrenal gland and 
that it is downregulated in the context of physiological aldo-
sterone stimulation and in aldosterone autonomy. We further 
show that decrease in SLC26A2 expression in vitro results in 
induction of Ca2+-dependent signaling and amplification of 
aldosterone output.

The mechanisms involved in the regulation of aldosterone 
secretion only recently have started to be unraveled with the 
help of mouse models, as well as high throughput genetic 
techniques. Several murine models with targeted genetic alter-
ations including Task1 and Task3 knockout animals33,34 have 
been found to display a phenotype of autonomous aldoste-
rone secretion. Similarly, a circadian clock–deficient cry-null 
mouse model showing an upregulation of adrenal Hsd3b6 
expression has also been demonstrated to display salt-sensitive 
hypertension.35 After a complementary approach, we have 
recently used a phenotype-driven mutagenesis screen to 

generate further mouse models and potentially identify genes 
with functional effect on aldosterone secretion.36

Using exome sequencing mutations in the selectivity filter of 
a specific potassium channel, KCNJ5, have been demonstrated 
to cause autonomous aldosterone secretion.8 Interestingly, this 
mechanism not only contributes to rare familial cases8,37 but can 
also be found as somatic mutations in more than one third of 
APAs.9 Similarly, somatic mutations in ATPase family mem-
bers38—ATP1A1 and ATP2B3 coding for Na+, K+-ATPase and 
the plasma membrane calcium-transporting ATPase 3—and in 
voltage gated calcium channels39,40 can be regarded as addi-
tional causes of aldosterone excess. In contrast, on the basis 
of published exome sequencing data, no mutation in SLC26A2 
has been found in adenomas or germline DNA.38–40 Thereby, we 
conclude that mutations in SLC26A2 are at least no common 
genetic contributors to develop PA. This does not, however, 
exclude the possibility that epigenetic mechanisms could result 
in expression changes with functional effect. In all instances of 
acquired somatic mutations, these affect mechanisms that con-
verge in the elevation of intracellular Ca2+ levels. Cytoplasmic 
Ca2+ can be increased through liberation of intracellular stores 
or through opening of membranous calcium channels, which 
triggers Ca2+ influx.41,42 Similar effects seem to be in place 
when aldosterone release is associated with SLC26A2 function 
because we can demonstrate induction of Ca2+-dependent sig-
naling in our specific in vitro system under baseline conditions, 
on stimulation experiments, as well as pharmacological inhibi-
tion. However, the exact mechanism of how SLC26A2 affects 
intracellular Ca2+ levels in adrenal cells remains to be elucidated 
in future experiments, and it is possible that broader changes in 
other pathways could be evoked by SLC26A2 knockdown. In 
addition, SLC26A2-dependent mechanism in the kidney could 
affect the renin–angiotensin–aldosterone system. However, in 
vitro experiments inducing SLC26A2 knockdown in human 
kidney cortical collecting duct cells provided no evidence on 
SLC26A2 dependent changes in the epithelial Na+ channel 
expression as one of the prime examples of hormone-dependent 
sodium and fluid absorption (Figure S6).43

Based on our in vitro studies and on the expression analy-
ses, we hypothesized that slc26a2 mutant animals should pres-
ent with higher aldosterone levels in comparison with their 
wild-type littermates. This hypothesis could be verified for 
female animals, whereas male mice were mainly unaffected 
with regard to aldosterone output. Accordingly, adrenal expres-
sion levels of various steroidogenic enzymes were altered, 
pointing toward an upregulation of enzymes specifically 
required for aldosterone synthesis, whereas those with a less 
glomerulosa-restricted distribution were rather downregulated. 
It is possible that sex-dependent differences in aldosterone 
metabolism might have contributed to the observed changes in 
plasma aldosterone in mutated female animals. Furthermore, 
changes in salt intake might have been necessary to bring about 
a more distinct phenotype of the genetically altered animals. 
Investigation of the endocrine phenotype of these animals was, 
however, complicated by their small size and consecutive small 
blood volume of mutant mice. Although mutant animals pres-
ent a nonlethal phenotype, they only survive for a few weeks 
with a mortality of ≈50% from birth to D21 and are character-
ized by a reduced growth and body weight and limited motor 
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activity.21 Sex differences have been observed for several PA 
animal models with female mice carrying the more severe 
phenotype in most instances.33,34 Notably, also in patients with 
genetically defined subgroups of APAs, sex differences have 
been recognized with KCNJ5 mutations being more abundant 
in females9 and ATPase mutations predominating in males.38 
It is possible that this observation could represent a selection 
bias introduced by differences in sex-dependent phenotypic 
penetrance. For genetically modified mice, it has been pro-
posed that sex steroid–induced differences in TASK333 and 
dickkopf-3–dependent signaling could be responsible for these 
effects.44 The observation that there is no significant difference 
in SLC26A2 expression levels in APAs from male and female 
patients, however, argues against a direct sex-dependent tran-
scriptional regulation in the adenoma tissue.

Perspectives
We provide evidence for a functional effect of SLC26A2 on 
aldosterone secretion. As evident from a population-based 
GWAS study and expression analysis, it can be concluded 
that any impediment to the SLC26A2 function may contribute 
to development of secondary hypertension in the context of 
autonomous aldosterone production in PA. Whether this gene 
might be involved in rare familial cases of PA or as a modifier 
of sporadic forms of the disease will require further genetic 
and epidemiological studies.

Acknowledgments
We are indebted to Brigitte Mauracher and Igor Shapiro for excel-
lent technical assistance. We wish to thank Drs Hervé Lefèbvre and 
Estelle Louiset (INSERM, U982, Mont-Saint-Aignan and University 
Hospital of Rouen, Rouen, France) for providing control adrenal sam-
ples. We thank the COMETE network for providing tissue samples 
from aldosterone producing adenomas. This work was funded through 
institutional support from INSERM and by the Agence Nationale pour 
la Recherche (ANR Physio 2007, no. 013-01; Genopat 2008, no. 08-
GENO-021), the Fondation pour la Recherche sur l’Hypertension 
Artérielle (AO 2007), the Fondation pour la recherche médicale 
(ING20101221177), the Programme Hospitalier de Recherche 
Clinique (grant AOM 06179), and by grants from INSERM and 
Ministère Délégué à la Recherche et des Nouvelles Technologies.

An abstract entitled “Low SLC26A2 expression in adrenal cells is 
associated with high aldosterone output” has already been published 
(Endocrine Abstracts [2012] 29 P91).

Sources of Funding
This work was supported by a grant from the Deutsche 
Forschungsgemeinschaft to F. Beuschlein and M. Reincke (Re 
752/17-1), Italian MIUR (Ministero dell’Istruzione, dell’Università 
e della Ricerca; grant no. 20094C2H2M) to A. Rossi, and, in part, 
by a grant from the Deutsche Hochdruckliga and an ESF-ENS@T 
Exchange Grant (3813) to A. Spyroglou.

Disclosures
None.

References
	 1.	 Egan BM, Zhao Y, Axon RN. US trends in prevalence, awareness, treatment, 

and control of hypertension, 1988-2008. JAMA. 2010;303:2043–2050.
	 2.	 Vasan RS, Evans JC, Larson MG, Wilson PW, Meigs JB, Rifai N, 

Benjamin EJ, Levy D. Serum aldosterone and the incidence of hyperten-
sion in nonhypertensive persons. N Engl J Med. 2004;351:33–41.

	 3.	 Meneton P, Galan P, Bertrais S, Heudes D, Hercberg S, Ménard J. High 
plasma aldosterone and low renin predict blood pressure increase and 

hypertension in middle-aged Caucasian populations. J Hum Hypertens. 
2008;22:550–558.

	 4.	 Plouin PF, Amar L, Chatellier G. Trends in the prevalence of primary aldoste-
ronism, aldosterone-producing adenomas, and surgically correctable aldoste-
rone-dependent hypertension. Nephrol Dial Transplant. 2004;19:774–777.

	 5.	 Schirpenbach C, Reincke M. Primary aldosteronism: current knowledge 
and controversies in Conn’s syndrome. Nat Clin Pract Endocrinol Metab. 
2007;3:220–227.

	 6.	 Beuschlein F, Reincke M. [Therapy-resistant hypertension–the endocrino-
logical view]. MMW Fortschr Med. 2007;149:29–32.

	 7.	 Lifton RP, Dluhy RG, Powers M, Rich GM, Cook S, Ulick S, Lalouel 
JM. A chimaeric 11 beta-hydroxylase/aldosterone synthase gene causes 
glucocorticoid-remediable aldosteronism and human hypertension. 
Nature. 1992;355:262–265.

	 8.	 Choi M, Scholl UI, Yue P, et  al. K+ channel mutations in adrenal 
aldosterone-producing adenomas and hereditary hypertension. Science. 
2011;331:768–772.

	 9.	 Boulkroun S, Beuschlein F, Rossi GP, et  al. Prevalence, clinical, and 
molecular correlates of KCNJ5 mutations in primary aldosteronism. 
Hypertension. 2012;59:592–598.

	10.	 Iida A, Blake K, Tunny T, Klemm S, Stowasser M, Hayward N, Gordon R, 
Nakamura Y, Imai T. Allelic losses on chromosome band 11q13 in aldosterone-
producing adrenal tumors. Genes Chromosomes Cancer. 1995;12:73–75.

	11.	 Spyroglou A, Sabrautzki S, Rathkolb B, Bozoglu T, Hrabé de Angelis 
M, Reincke M, Bidlingmaier M, Beuschlein F. Gender-, strain-, and 
inheritance-dependent variation in aldosterone secretion in mice. 
J Endocrinol. 2012;215:375–381.

	12.	 Newton-Cheh C, Guo CY, Gona P, Larson MG, Benjamin EJ, Wang 
TJ, Kathiresan S, O’Donnell CJ, Musone SL, Camargo AL, Drake JA, 
Levy D, Hirschhorn JN, Vasan RS. Clinical and genetic correlates of 
aldosterone-to-renin ratio and relations to blood pressure in a community 
sample. Hypertension. 2007;49:846–856.

	13.	 Alvarez-Madrazo S, Padmanabhan S, Mayosi BM, Watkins H, Avery P, 
Wallace AM, Fraser R, Davies E, Keavney B, Connell JM. Familial and 
phenotypic associations of the aldosterone Renin ratio. J Clin Endocrinol 
Metab. 2009;94:4324–4333.

	14.	 Frazer KA, Ballinger DG, Cox DR, et  al. A second generation human 
haplotype map of over 3.1 million SNPs. Nature. 2007;449:851–861.

	15.	 Hirschhorn JN, Daly MJ. Genome-wide association studies for common 
diseases and complex traits. Nat Rev Genet. 2005;6:95–108.

	16.	 Ehret GB, Munroe PB, Rice KM, et al. Genetic variants in novel path-
ways influence blood pressure and cardiovascular disease risk. Nature. 
2011;478:103–109.

	17.	 Wichmann HE, Gieger C, Illig T; MONICA/KORA Study Group. 
KORA-gen–resource for population genetics, controls and a broad spectrum 
of disease phenotypes. Gesundheitswesen. 2005;67(Suppl 1):S26–S30.

	18.	 Hannemann A, Bidlingmaier M, Friedrich N, et al. Screening for primary 
aldosteronism in hypertensive subjects: results from two German epide-
miological studies. Eur J Endocrinol. 2012;167:7–15.

	19.	 Manolopoulou J, Bielohuby M, Caton SJ, Gomez-Sanchez CE, 
Renner-Mueller I, Wolf E, Lichtenauer UD, Beuschlein F, Hoeflich A, 
Bidlingmaier M. A highly sensitive immunofluorometric assay for the 
measurement of aldosterone in small sample volumes: validation in 
mouse serum. J Endocrinol. 2008;196:215–224.

	20.	 Spät A, Hunyady L. Control of aldosterone secretion: a model for conver-
gence in cellular signaling pathways. Physiol Rev. 2004;84:489–539.

	21.	 Forlino A, Piazza R, Tiveron C, Della Torre S, Tatangelo L, Bonafè L, 
Gualeni B, Romano A, Pecora F, Superti-Furga A, Cetta G, Rossi A. A 
diastrophic dysplasia sulfate transporter (SLC26A2) mutant mouse: mor-
phological and biochemical characterization of the resulting chondrodys-
plasia phenotype. Hum Mol Genet. 2005;14:859–871.

	22.	 Inglis GC, Ingram MC, Holloway CD, Swan L, Birnie D, Hillis WS, 
Davies E, Fraser R, Connell JM. Familial pattern of corticosteroids and 
their metabolism in adult human subjects–the Scottish Adult Twin Study. 
J Clin Endocrinol Metab. 1999;84:4132–4137.

	23.	 Montori VM, Schwartz GL, Chapman AB, Boerwinkle E, Turner ST. 
Validity of the aldosterone-renin ratio used to screen for primary aldoste-
ronism. Mayo Clin Proc. 2001;76:877–882.

	24.	 Funder JW. Primary aldosteronism and low-renin hypertension: a con-
tinuum? Nephrol Dial Transplant. 2013;28:1625–1627.

	25.	 Funder JW, Carey RM, Fardella C, Gomez-Sanchez CE, Mantero F, 
Stowasser M, Young WF Jr, Montori VM; Endocrine Society. Case detec-
tion, diagnosis, and treatment of patients with primary aldosteronism: an 
endocrine society clinical practice guideline. J  Clin Endocrinol Metab. 
2008;93:3266–3281.

 at Helmholtz Zentrum Muenchen on March 13, 2014http://hyper.ahajournals.org/Downloaded from 

http://hyper.ahajournals.org/
http://hyper.ahajournals.org/


8    Hypertension    May 2014

	26.	 Köttgen A, Albrecht E, Teumer A, et  al; LifeLines Cohort Study; 
CARDIoGRAM Consortium; DIAGRAM Consortium; ICBP Consortium; 
MAGIC Consortium. Genome-wide association analyses identify 18 new loci 
associated with serum urate concentrations. Nat Genet. 2013;45:145–154.

	27.	 Scott RA, Lagou V, Welch RP, et al; DIAbetes Genetics Replication and 
Meta-analysis (DIAGRAM) Consortium. Large-scale association anal-
yses identify new loci influencing glycemic traits and provide insight 
into the underlying biological pathways. Nat Genet. 2012;44:991–1005.

	28.	 Dastani Z, Hivert MF, Timpson N, et al; DIAGRAM+ Consortium; MAGIC 
Consortium; GLGC Investigators; MuTHER Consortium; DIAGRAM 
Consortium; GIANT Consortium; Global B Pgen Consortium; Procardis 
Consortium; MAGIC investigators; GLGC Consortium. Novel loci for adipo-
nectin levels and their influence on type 2 diabetes and metabolic traits: a multi-
ethnic meta-analysis of 45,891 individuals. PLoS Genet. 2012;8:e1002607.

	29.	 Ohana E, Yang D, Shcheynikov N, Muallem S. Diverse transport modes by 
the solute carrier 26 family of anion transporters. J Physiol. 2009;587(Pt 
10):2179–2185.

	30.	 Haila S, Hästbacka J, Böhling T, Karjalainen-Lindsberg ML, Kere J, 
Saarialho-Kere U. SLC26A2 (diastrophic dysplasia sulfate transporter) is 
expressed in developing and mature cartilage but also in other tissues and 
cell types. J Histochem Cytochem. 2001;49:973–982.

	31.	 Satoh H, Susaki M, Shukunami C, Iyama K, Negoro T, Hiraki Y. Functional 
analysis of diastrophic dysplasia sulfate transporter. Its involvement in 
growth regulation of chondrocytes mediated by sulfated proteoglycans. 
J Biol Chem. 1998;273:12307–12315.

	32.	 Hästbacka J, de la Chapelle A, Mahtani MM, Clines G, Reeve-Daly MP, 
Daly M, Hamilton BA, Kusumi K, Trivedi B, Weaver A, Coloma A, 
Lovett M, Buckler A, Kaitila I, Lander ES. The diastrophic dysplasia gene 
encodes a novel sulfate transporter: positional cloning by fine-structure 
linkage disequilibrium mapping. Cell. 1994;78:1073–1087.

	33.	 Heitzmann D, Derand R, Jungbauer S, et al. Invalidation of TASK1 potas-
sium channels disrupts adrenal gland zonation and mineralocorticoid 
homeostasis. EMBO J. 2008;27:179–187.

	34.	 Davies LA, Hu C, Guagliardo NA, Sen N, Chen X, Talley EM, Carey RM, 
Bayliss DA, Barrett PQ. TASK channel deletion in mice causes primary 
hyperaldosteronism. Proc Natl Acad Sci U S A. 2008;105:2203–2208.

	35.	 Doi M, Takahashi Y, Komatsu R, Yamazaki F, Yamada H, Haraguchi 
S, Emoto N, Okuno Y, Tsujimoto G, Kanematsu A, Ogawa O, Todo T, 
Tsutsui K, van der Horst GT, Okamura H. Salt-sensitive hypertension 
in circadian clock-deficient Cry-null mice involves dysregulated adrenal 
Hsd3b6. Nat Med. 2010;16:67–74.

	36.	 Spyroglou A, Wagner S, Gomez-Sanchez C, Rathkolb B, Wolf E, 
Manolopoulou J, Reincke M, Bidlingmaier M, Hrabé de Angelis M, 
Beuschlein F. Utilization of a mutagenesis screen to generate mouse mod-
els of hyperaldosteronism. Endocrinology. 2011;152:326–331.

	37.	 Mulatero P, Tauber P, Zennaro MC, et al. KCNJ5 mutations in European 
families with nonglucocorticoid remediable familial hyperaldosteronism. 
Hypertension. 2012;59:235–240.

	38.	 Beuschlein F, Boulkroun S, Osswald A, et  al. Somatic mutations in 
ATP1A1 and ATP2B3 lead to aldosterone-producing adenomas and sec-
ondary hypertension. Nat Genet. 2013;45:440–444, 444e1.

	39.	 Scholl UI, Goh G, Stölting G, et al. Somatic and germline CACNA1D cal-
cium channel mutations in aldosterone-producing adenomas and primary 
aldosteronism. Nat Genet. 2013;45:1050–1054.

	40.	 Azizan EA, Poulsen H, Tuluc P, et  al. Somatic mutations in ATP1A1 
and CACNA1D underlie a common subtype of adrenal hypertension. 
Nat Genet. 2013;45:1055–1060.

	41.	 Akizuki O, Inayoshi A, Kitayama T, Yao K, Shirakura S, Sasaki K, Kusaka 
H, Matsubara M. Blockade of T-type voltage-dependent Ca2+ channels 
by benidipine, a dihydropyridine calcium channel blocker, inhibits aldo-
sterone production in human adrenocortical cell line NCI-H295R. Eur J 
Pharmacol. 2008;584:424–434.

	42.	 Lotshaw DP. Role of membrane depolarization and T-type Ca2+ chan-
nels in angiotensin II and K+ stimulated aldosterone secretion. Mol Cell 
Endocrinol. 2001;175:157–171.

	43.	 Soundararajan R, Pearce D, Ziera T. The role of the ENaC-regulatory 
complex in aldosterone-mediated sodium transport. Mol Cell Endocrinol. 
2012;350:242–247.

	44.	 El Wakil A, Bandulik S, Guy N, Bendahhou S, Zennaro MC, Niehrs 
C, Mari B, Warth R, Barhanin J, Lalli E. Dkk3 is a component of the 
genetic circuitry regulating aldosterone biosynthesis in the adrenal cortex. 
Hum Mol Genet. 2012;21:4922–4929.

What Is New?
•	Our study demonstrates a significant correlation of aldosterone to renin 

ration with a genetic locus on chromosome 5 using a population-based 
genome-wide association study.

What Is Relevant?
•	Starting from this genetic finding, we provide evidence from in vitro and 

in vivo models that a sulfate transporter from this locus, SLC26A2, has 
functional links via Ca2+-dependent signaling to aldosterone biosynthesis.

Summary
Primary aldosteronism that is caused by unopposed secretion of 
aldosterone is recognized as the most prevalent form of secondary 
hypertension. Aside from few familial types, genetic causes of this 
disease are not well understood. Our findings extend insight into 
genetic contributors which may potentially be evaluated as thera-
peutic targets in the treatment of primary aldosteronism.
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Supplementary Materials and Methods 

 

Animal experiments 

All animal studies were performed according to protocols examined and approved by the 
Animal Care and Use Committee of the University of Pavia or the Regierung von Oberbayern 
according to the German Animal Protection Law, respectively. Dtd (slc26a2 mutant and wild 
type control) and C3HeB/FeJ mice were kept in a specific pathogen-free animal facility area at 
an ambient temperature of 25±2°C (relative humidity 60±5%) on a 12h-12h light-dark circle. 
Animals were fed with standard pelleted food #2018 (Harlan Laboratories, Udine, Italy) or chow 
#1314 (Altromin, Lage, Germany), respectively, ad libitum with free access to tap water. The 
experiments were performed on 8 weeks old female and male mice, which were maintained in 
groups of 6-8 individuals. 4-8 animals were used for each experiment per gender and genotype. 
For the investigation of the phenotype of those animals under baseline conditions, animals 
were euthanized by decapitation for collection of trunk blood and adrenal glands and/or 
kidneys, lungs, heart, lean muscles, spleen, brain, fat and ovaries without previous treatment. 
All adrenals were immediately cleaned from adjacent tissue using a stereo microscope, and all 
organs were snap frozen in liquid nitrogen and stored at -80°C until further processing or stored 
in 4% paraformaldehyde and subsequently embedded in paraffin blocks. From each animal 0.25 
ml of blood were collected in Li-heparin coated tubes to avoid coagulation. After centrifugation 
at 10000 x g for 10min plasma was separated and kept at -20°C until measurement. Slc26a2 
expression in the adrenal glands of C3HeB/FeJ animals was investigated upon angiotensin II 
stimulation 1 or following a high potassium diet 2, as described previously. 

Quantitative Real-time PCR 

Both adrenals from each individual animal were combined and homogenized in lysis buffer 
while still frozen. NCI-H295R cells were lysed directly by addition of lysis buffer. RNA extraction 
from lysates was performed using the The RNeasy Plus Mini Kit according to the manufacturer’s 
instructions (Qiagen, Hilden, Germany). RNA quality was verified on a 1.5% agarose gel. For 
cDNA synthesis, 1 µg of total RNA were reverse transcribed utilizing the reverse transcription 
system (Fermentas, St Leon-Rot, Germany). 

Gene expression of slc26a2 and selected genes involved in steroidogenesis were investigated 
(for primer sequences and annealing temperatures see Supplementary Table S1). For 
quantification of the investigated genes the Sso Fast EVA Green Supermix (Biorad Laboratories 
Berkley, CA) in the Mx3000P QPCR System (Stratagene, La Jolla, CA) was used. Real-time PCR 
conditions in the Mx3000P were pre-incubation at 95°C for 10 min followed by amplification of 
40 cycles at 95°C for 10 sec at the annealing temperature for 5 sec (primer dependent, see 
table S1), and extension at 72°C. The melting curve analysis was performed between 65 and 
95°C (0.1° C/sec). Furthermore, the products were run on a 1% agarose gel to verify the correct 
size of the amplified product. Quantification was adjusted using the housekeeping genes HPRT1 
for human samples and Actb for mouse samples. To facilitate overall comparison of individual 
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real-time experiments, expression levels of the particular genes were set as 100% for control 
animals or cells. 

Immunohistochemistry 

For SLC26A2 immunohistochemistry in human tissues a polyclonal mouse anti human primary 
antibody (HPA041957, Sigma-Aldrich, Taufkirchen, Germany) was utilized. CYP11B2 antibody 
was obtained from Dr. Celso Gomez-Sanchez (University of Mississippi, Jackson, MS)3. Staining 
procedure was followed as described in detail before 4.  

Cell culture  

NCI-H295R (CRL-2128; American Type Culture Collection, Manassas, VA) cells were cultured in a 
RPMI 1640 medium (Gibco, Life Technologies, Darmstadt, Germany) supplemented with 10% 
fetal bovine serum, 1% insulin–transferrin–selenium supplement, 1% penicillin/streptomycin, 
and 100 nM hydrocortisone in a humidified atmosphere (95% CO2). For simultaneous 
measurement of cortisol and aldosterone production of knockdown cells under baseline and 
stimulated conditions, cells were seeded in 24 well plates at 200000 cells per well and grown 
for 48 hours and then incubated in serum-free media for 24 hours. Cells were then treated with 
10 mM KCl, 100nM Angiotensin II (Sigma-Aldrich, Taufkirchen, Germany), 10 µM Forskolin 
(Sigma-Aldrich) or vehicle in serum-free media for stimulation of steroid production. Following 
incubation for 48 hours, supernatant and cells from each well were harvested for aldosterone 
measurement and RNA extraction. For stimulation of CSF1R expression, cells were seeded and 
grown as above, then treated with 0,016-50 ng/ml CSF1 (Novus Biologicals, UK) for 48 hours in 
media with additives followed by harvesting of supernatant and cells for aldosterone 
measurement and RNA extraction.  

Human principal cortical collecting duct cells were obtained from Dr. Wolfgang Neuhofer 
(University Clinic Munich) and maintained in DMEM/F-12 (31330, Gibco) supplemented with 2% 
fetal bovine serum, 1% insulin–transferrin–selenium supplement, 1% penicillin/streptomycin, 
and 50 nM dexamethasone. Cells were seeded in 24 well plates at 50000 cells per well and 
grown for 48 hours. After serum starvation for 18 hours with serum-free DMEM/F-12, cell were 
stimulated with 1µM aldosterone for 6 hours and harvested. 

 

Knock-down experiments 

Human SLC26A2-targeting and non-mammalian control MISSION® shRNA lentiviral transduction 
particles were obtained from Sigma-Aldrich. The shRNA sequences were validated by The RNAi 
Consortium (TRC) and were inserted into TRC2 pLKO-puro plasmid backbone. For the lentiviral 
infections, manufacturer's protocol was followed with modifications. In brief, H295R cells were 
seeded in 96-well plates with 1x104 cells per well. 24 hours later, medium was renewed and 
supplemented with 2 µg/ml polybrene (Sigma). Lentivirus particles were added to the cells at a 
MOI of 10 and proceeded with spin infection at 700x g for 30 minutes at 37°C. Medium was 
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changed after overnight incubation. For selection, 7 µg/ml puromycin (Sigma) was given to the 
cells after 48 hours, with medium changes every two days, for the first 3 passages. After this 
point RNA was extracted for assaying knockdown efficacy and cell lines were kept under 
selective pressure by puromycin containing medium every third passage. 
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Table S1: Primer sequences and experimental conditions used for real-time PCR analysis.  

 
gene 
(accession) 

species   sequence (5' > 3') 
annealing 

temperature 

CAMK1  
human 

fwd CATCGCCTACATCTTGCTCTG 
60°C 

(NM_003656.4) rev TTCTTCTTGATCTGCTCACTCAC 
CYP11B1 

human 
fwd GGGTGGCCTACAGACAACATC 

60°C 
(NM_000497.3) rev GGCGACAGCACTTCTGGATT 
CYP11B2  

human 
fwd ACTCGCTGGGTCGCAATG 

60°C 
(NM_000498.3) rev AGTGTCTCCACCAGGAAGTGC 
HPRT1  

human 
fwd TGCTGACCTGCTGGATTACA 

60°C 
(NM_000194.2) rev CCTGACCAAGGAAAGCAAAG 
HSD3B1  

human 
fwd AGAAGAGCCTCTGGAAAACACATG 

60°C 
(NM_000862.2) rev TAAGGCACAAGTGTACAGGGTGC 
HSD3B2  

human 
fwd AGAAGAGCCTCTGGAAAACACATG 

60°C 
(NM_000198.3) rev CGCACAAGTGTACAAGGTATCACCA 
NR4A1  

human 
fwd TCGGGGATACTGGATACACC 

60°C 
(NM_002135.4) rev TGTTCGGACAACTTCCTTCA 
NR4A2  

human 
fwd AGTCTGATCAGTGCCCTCGT 

60°C 
(NM_006186.3) rev CTGGGTTGGACCTGTATGCT 
SCNN1A 

human 
fwd CAACCAGGTCTCCTGCAAC 

60°C 
(NM_001038.5) rev GGGTTTCCTTCCTCATGCT 
SLC26A2  

human 
fwd CAATGCCCATAGTGCTCCTT 

60°C 
(NM_000112.3) rev ATCCACTCAGCAAGGCATCT 
Actb  

mouse 
fwd ACCCGCGAGCACAGCTTCTT 

60°C 
(NM_007393.3) rev TCTGGGCCTCGTCACCCACATA 
Cyp11a1  

mouse 
fwd GCTGGAAGGTGTAGCTCAGG 

60°C 
(NM_019779.3) rev CACTGGTGTGGAACATCTGG 
Cyp11b2  

mouse 
fwd CAGGGCCAAGAAAACCTACA 

60°C 
(NM_009991.3) rev ACGAGCATTTTGAAGCACCT 
Hsd3b1  

mouse 
fwd AAGGAGGAATTCTCCAAGCTG 

60°C 
(NM_008293.3) rev GAGCTGCAGAAGATGAAGGC 
Hsd3b6  

mouse 
fwd ATCAGAACCAGCCATTCCAA 

60°C 
(NM_013821.3) rev AAAACCCTCCTGCTCCAGTT 
Slc26a2  

mouse 
fwd CTGCCCTGACACTGATGCTA 

60°C 
(NM_007885.2) rev ACGTGAGGATGGTGAAGGAG 
Star  

mouse 
fwd GACCTTGAAAGGCTCAGGAAGAAC 

63°C 
(NM_011485.4) rev TAGCTGAAGATGGACAGACTTGC 
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S1 

 

Figure S1: Production of aldosterone by NCI-H295R cells treated with various concentrations of 
colony stimulating factor 1 (CSF1). Stimulation of CSF1R by its ligand, CSF1, does not affect 
aldosterone production by NCI-H295R cells. 
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S2 

 

Figure S2: CYP11B2 and SLC26A2 immunohistochemistry of normal human adrenal glands (A, C, 
E) and aldosterone producing adenomas (B, D, F). No specific staining is detectable in samples 
excluding the primary antibody (A, B). CYP11B2 staining shows specific immunopositivity in the 
zona glomerulosa (C) and intense staining in the adenoma (D). In contrast, SLC26A2 staining 
was weaker in adenoma tissue (F) in comparison to normal adrenals which did furthermore not 
display zonal specificity (E). Bars represent 125µm. 
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S3 

 

Figure S3: Expression of CYP11B1 in SLC26A2 knockdown NCI-H295R cells. CYP11B1 was 
inducible by 10 mM potassium (KCl) and only weakly by 100 µM angiotensin II (AngII). 
Upregulation by SLC26A2 knockdown was evident at baseline and upon AngII stimulation. This 
increase in CYP11B1 expression was found to be much less extensive in comparison to that of 
CYP11B2 (Figure 4F). 



9 

 

S4 

 

Figure S4: Production of aldosterone (A) and cortisol (B) by SLC26A2 knockdown NCI-H295R 
cells after 24 hours of serum starvation. Cortisol secretion increased by threefold under 
baseline conditions, the effect being comparable in the presence of 10 mM KCl (3.6-fold in 
comparison to control cells) or 100 µM angiotensin II (2.7-fold) (A). In contrast, increase in the 
production of aldosterone by the same cells was more profound, 12-fold (over control cells) 
under baseline conditions, 30-fold with KCl and 14-fold with Angiotensin II. 
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S5 

 

Figure S5: Plasma corticosterone levels of wild-type and Slc26a2-knockout mice. Mutant 
animals of both genders were found to have higher levels of corticosterone, whereas no such 
significant difference was observed between genders of either genotype. 
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S6 

 

Figure S6: Knockdown of SLC26A2 in human kidney cortical collecting duct cells. A knockdown 
efficacy of 30 % of control cells was achieved under baseline and aldosterone stimulated 
conditions (A). The upregulation of ENaCa by aldosterone stimulation was not significantly 
changed by SLC26A2 knockdown (B). 


