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Abstract

Striatin is a novel protein that interacts with steroid receptors and modifies rapid, non-genomic
activity in vitro. We tested the hypothesis that striatin would in turn affect mineralocorticoid
receptor function and consequently sodium, water, and blood pressure homeostasis in an animal
model.

We evaluated salt sensitivity of blood pressure in novel striatin heterozygote knockout mice.
When compared with wild type, striatin heterozygote exhibited a significant increase in blood
pressure when sodium intake was increased from restricted (0.03%) to liberal (1.6%) sodium).
Further, renal expression of mineralocorticoid receptor and its genomic downstream targets serum/
glucocoticoid-regulated kinase 1 and epithelial sodium channel were increased in striatin
heterozygote versus wild type mice on liberal sodium intake while the pAkt/Akt ratio, readout of
mineralocoriticoid receptor's rapid, non-genomic pathway, was reduced.

To determine the potential clinical relevance of these findings, we tested the association between
single nucleotide polymorphic variants of striatin gene and salt sensitivity of blood presure in 366
Caucasian hypertensive subjects. HapMap derived tagging single nucleotide polymorphisms
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identified an association between rs2540923 with salt sensitivity of blood pressure (OR, 6.25; 95%
Cl 1.7-20; P=0.01).

These data provide the first in vivo evidence in humans and rodents that associates striatin with
markers of mineralocoriticoid receptor activity. The data also support the hypothesis that the rapid,
non-genomic mineralocoriticoid receptor pathway (mediated via striatin) has a role in modulating
the interaction between salt intake and blood pressure.
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Introduction

Interventional and epidemiological studies have demonstrated an association between
dietary sodium consumption and increases in blood pressure (BP) 1 2.3, However, nearly
40% of individuals with hypertension do not demonstrate salt sensitivity (SS) of BP and
even in those with SS of BP the underlying mechanism(s) remain largely unknown. To
better understand the differential BP response to sodium loading, one promising approach is
to study the interaction of dietary sodium intake with candidate genes involved in the
regulation of salt and water homeostasis.

A primary role of aldosterone (ALDO) and the mineralocorticoid receptor (MR) is to
maintain sodium and water homeostasis. Activation of this process is initiated by
translocation of an activated ALDO/MR to the cell nucleus to modulate the expression of
genes regulating electrolyte and fluid balance 4. It has been documented that ALDO
activation of MR can also lead to rapid phosphorylation and activation of proteins in the
MAPK pathways, increases in reactive oxygen species (ROS) , and intracellular calcium,
among other effects 5-6. Together these effects are commonly referred to as ALDO's “non-
genomic” actions. Several other steroid hormones receptors, e.g., estrogen receptor (ERa),

have been shown to have both genomic and non-genomic effects /8.

Striatin is a newly described protein that interacts with the ERa and MR and regulates their
nongenomic actions 910, Striatin is a highly conserved member of the WD-repeat family of
proteins that possesses caveolin-1, calcium-calmodulin, and coil-coil conserved

domains 11-12, Our laboratory has reported that activation of MR by ALDO increases striatin
expression in kidney, heart and aortic tissue, and cultured endothelial cells 12. Our group has
also described that striatin is a novel mediator for ALDO's induction of pERK and ERa's
rapid action to promote phosphorylation of eNOS 14,

The objective of this study was to examine the in vivo relationship between SS of BP and
striatin. Towards this goal, we generated a novel striatin heterozygous knockout mouse and
demonstrated that reduction in striatin levels results in SS of BP. To translate these results to
human hypertension we explored whether genetic variance within the striatin gene was
associated with SS of BP in a well-phenotyped Caucasian hypertensive cohort.
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Methods

Generation of Striatin Heterozygous Mouse and Experimental Protocol

The striatin heterozygous knockout strain (Strn*/~, CSD26933) was generated by the trans-
NIH Knock-Out Mouse Project (KOMP). Details are available in Online Supplemental
Materials.

Blood Pressure Measurements—Details are available in Online Supplemental
Materials.

Plasma Hormone Measurements

Blood was collected in purple-top BD Microtainer tubes (EDTA)and plasma was separated
by centrifugation. ALDO levels were measured using Coat-A-Count Radioimmunometric
Assay (RIA) kit (SIEMENS, Los Angeles, CA USA) 15, Plasma renin activity (PRA) was
measured by RIA assay (DiaSorin, Stillwater, MN) 16,

Western Blot Analysis

Protein was extracted from heart, kidney and adrenal tissue by homogenizing according to
the Bullet Blender protocol and bead specification (Next Advance, Inc., Averill Park, NY).
Briefly, 30mg of tissue was placed in a RIPA buffer (Boston Bioproducts, Worchester, MA)
with protease inhibitor cocktail (SIGMA, St. Louis, M0)(1:100). Lysates were centrifuged at
12,000g for 10 minutes at 4°C and supernatant was collected and stored at —20°C. Cell
lysates were prepared with 4x-reducing Laemmli's SDS Sample Buffer (250MM Tris-HClI,
8% SDS, 40% Glycerol, 0.02% Bromophenol blue, DTT). Samples were size fractionated
by electrophoresis on SDS-PAGE and proteins transferred to nitrocellulose membranes by
electroblotting. Blots were incubated with primary antibody overnight at 4°C (BD
biosciences: striatin; Santa Cruz: ENaC, SGK1, eNOS and cell signaling: pAkt/Akt). Blots
were incubated with conjugated secondary antibody with horseradish-peroxidase for 1 hour
at room temperature and analyzed using Enhanced Chemiluminescence (ECL) (Perkin-
Elmer Life Sciences, Waltham, MA). Blots were reprobed for f-tubulin (Sigma) and results
were normalized to correct for loading.

MRNA Analysis

Total mMRNA was extracted from tissue using RNeasy mini kit (QIAGEN Sciences,
Germantown, MD). cDNA was synthesized from 1.5ug RNA with first-strand cDNA
synthesis kit (GE Healthcare, Piscataway, NJ). PCR amplification reactions were performed
in duplicate using the ABI Prism 7000 sequence detection system (Life Technologies, Foster
City, CA) and using the comparative threshold cycle method to determine mRNA levels.
The gene expression data was normalized to 18S rRNA levels. PCR amplification to detect
SGK1, ENaC and 18S rRNA levels was performed with TagMan gene expression assays.
Data are represented as fold increases relative to the measurement in WT mice.
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Zona Glomerulosa Cells Stimulation

Adrenal glands were excised during sacrifice and zona glomerulosa (ZG) cells were isolated
as previously reported 17. ZG cell suspensions were made by diluting pellets to obtain 1 to
2x10° cells/0.5ml of modified Kreb-Ringer bicarbonate (KRGBA). Cells were then
incubated in duplicate, vehicle or in the presence of angiotensinogen 11 (10~7 M) for 1 hour
at 37°C under % CO,-95% O, atmosphere. ALDO levels were measured using Coat-A-
Count Radioimmunometric Assay (RIA) kit as listed above.

HyperPATH Cohort and Study Protocol

Our analysis consisted of 366 hypertensive Caucasian subjects from the Hypertensive
Pathotype (HyperPATH) Cohort, a cohort designed to determine the genetic underpinnings
of hypertension, as previously extensively reported). A detailed description of the study
protocol and cohort methods can be found in online supplementary materials.

Human Study Genotyping

DNA was extracted as previously described 18 19,

Statistical Analysis

Animal Study

All values are reported as means £ SEM unless otherwise indicated, and corrections for
multiple comparisons are made where appropriate. Within each genotype, paired Student's t-
tests were used to determine the significance of the increase in systolic BP when intake was
changed from ResS to LibS diets. Student's non-parametric t-test was utilized when
comparing various parameters between WT and Strn*/~ mice on either a LibS or ResS diet.
A difference was considered statistically significant if a two-tailed was < 0.05. Because the
biomarkers came from different mice on the two diets, non-parametric tests were used and
the nominal p value was adjusted for multiple comparisons (p<0.025). All studies were
completed with the individual performing the study blinded as to genotype and diet which
the tissue or samples were obtained.

Human Study
Given the large number of SNPs identified via HapMap, haplotypes were constructed from
the genotyping of this cohort using the Haploview program 4.1 20, All subsequent analysis is
described in supplemental methods.

Results

Striatin Modulates Rapid, Non-Genomic MR Activity

We first examined the in vitro rapid effects of ALDO (50 nM) in EA.hy926 cells, an
endothelial cell line. Our results show that increases in pAkt/Akt protein ratio is time
dependent, with the highest increase in activation at 15 minutes and rapid return to baseline
thereafter (Figure 1A). Next we tested whether decreasing striatin levels through the use of
siRNA technology would affect pAkt/Akt activation. In EA.hy926 cells, striatin SiRNA
reduced striatin levels and inhibited the rapid effects of ALDO/MR signaling (Figure 1B).
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Generation of Strn*/~ Mice

To investigate the physiological relevance of rapid, non-genomic MR activation striatin
gene targeting was performed by the International Knockout Mouse Consortium (IKMC) in
JM8 embryonic stem cell line on a C57BL/6N genetic background (Supplemental
Materials). Immunoblotting analysis of Strn*/~ mouse tissues (adrenal, heart and kidney)
confirmed that targeted allele effectively reduced striatin protein levels (Figure 2); striatin
protein levels were reduced approximately 50% in Strn*/~ mice as compared to WT mice.

Effects of High Salt Diet on BP in Strn*/~ Mice

WT and Strn*/~ mice had similar body weights when consuming a ResS diet (30.5 + 1.5 and
30.5 + 1.5 g, respectively) or when consuming a LibS diet (31.1 £ 0.8 and 29.7 £ 1.0 g,
respectively). Strn*/~ mice had significantly higher BPs on LibS when compared to ResS
diet (ResS 98 £ 3 vs. LibS 107 + 4 mmHg, p=0.001), whereas WT mice did not exhibit SS
BP (ResS 102 + 2 vs. LibS (104 + 2 mmHg, p=0.26). Furthermore, the rise in blood pressure
was significantly different comparing WT to Strn*/~ mice (A 2.0 + 2 and 9.6 + 2, p = 0.04)
(Figure 3).

Next we assessed the impact of dietary sodium intake on the level of activation of the
reninangiotensin-aldosterone system by measuring the levels of PRA and ALDO at the time
of sacrifice. While PRA levels were significantly reduced on the LibS versus ResS diets,
there were no differences between genotypes (Figure 4A, B). Interestingly, ALDO levels
were significantly higher on a LibS diet in Strn+/— mice compared to WT (Figure 4C, D).
Furthermore, we measured ALDO production in response angiotensin Il (Angll) stimulation
ex vivo in an isolated glomerulosa cell system. Similar to plasma measurements, ALDO
production was significantly lower on LibS versus ResS diets. Angll stimulation induced a
~2-fold increase in ALDO on ResS diets, but there were no significant differences between
genotypes (Figure 4C).

Heart and Kidney Tissue Analysis

Heart weight and heart/body weight ratios did not differ between WT and Strn*/~ mice
whether on a ResS diet (4.8 + 0.2 and 4.9 + 0.2 mg/g, respectively) or on a LibS diet (4.4 +
0.2 and 4.2 £ 0.2 g, respectively). However, as anticipated from the cell based studies,
phosphorylation of Akt in heart tissue was significantly (p<0.05) reduced (~70%) in Strn*/~
mice as compared with WT animals on the same diet (Figure 5A).

Similar to the heart kidney, weight and kidney to body weight ratios did not differ between
WT and Strn*/~ mice whether on a ResS diets (5.8 + 0.3 and 5.3 + 0.2 mg/g, respectively) or
on a LibS diets (5.5 + 0.2 and 5.7 £ 0.2 mg/g, respectively) while the pAkt/Akt ratio in
kidneys obtained from mice on a LibS diet was significantly lower (p=0.01) in the Strn*/~
mice compared to the WT mice (Figure 5B). In contrast MR transcript levels on a LibS diet
were significantly increased (~1.7 fold; p=0.01) in Strn*/~ versus WT mice (Figure 5C).
This increased MR expression levels was associated with differences in expression of
known MR activated downstream genes: Strn*/~ mice had significantly (p<0.01) higher
MRNA transcript levels of serum/glucocoritcoid regulated kinase (SGK1) (~1.4 fold) and
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epithelial sodium channel (ENaC) (>5 fold) as compared to WT animals on the same diet
(Figure 5D, E).

Human Study Participant Characteristics

To assess the relevance of the findings in mice to humans, the association between known
SNP variation in the striatin gene and salt sensitive BP in humans was assessed. Study
participant characteristics are summarized in Supplemental Materials (Table S2). There were
366 Caucasian individuals from the HyperPATH cohort examined. Genotyping had a
completion rate of = 95% and all SNPs were in Hardy-Weinberg equilibrium. Of the 40
HapMap derived SNPs genotyped in the STRN gene, 21 were removed before the start of
the analysis (7 displayed monomorphism in our population and 14 had a minor allele
frequency of less than 0.03). The remaining 19 SNPs captured 100% of the common
HapMap Caucasian variation in this region and were contained in 3 distinct haplotype
blocks (Table S3).

A haplotype analysis (Table 1) was first conducted to determine the association of each of
the three haplotype blocks with salt sensitive BP. The global block analysis was
significantly associated with SS of BP (pgionai=0.04). This association was entirely driven by
haplotype number 3 rs2540923A|rs888083G|rs11678303G|rs6744560A|rs7562109A)
rs10490658A|rs7573966A (p= 0.002) and specifically the first SNP within that haplotype
(rs2540923). The relationship of the rs2540923 SNP with SS of BP was then assessed
(Figure 6). Adjusting for age, gender, and BMI, minor allele carriers (AG/AA) for
rs2540923 displayed 6 fold increased odds ratio for SS of BP versus major allele
homozygotes (OR 6.25, 95% CI 1.70 — 20). There were no genotype associated differences
in ALDO levels either on the LibS or ResS intakes.

Discussion

Knocking down the striatin gene in mice and polymorphic variants of the striatin gene in
humans is associated with SS of BP. In the mice SS is not related to an alteration in ALDO
production but may be related to alteration in its metabolism and effectiveness. MR
expression in the kidney is increased as are the levels of expression of two downstream
targets of MR activation---SGK1 and especially ENaC. Importantly, both in the kidney and
the heart, a signature for a defect in ALDQO's rapid, non-genomic pathway---decrease
phosphorylation of Akt---is present. From this and a previous study, we have documented
that dietary sodium restriction (that increases ALDO) and direct ALDO administration
increases MR expression. Thus, on a liberal salt diet one would expect a decrease in
expression of MR, SGK1 and ENaC. This did not occur in strn+/- mice, suggesting that
striatin plays a role, as yet undefined, in modulating the normal effect of salt intake on this
cascade. The net result is an inappropriately increased activity of sodium retaining
mechanisms on a liberal salt diet and SS of BP.

Our previous studies documented in EA.hy926 cells, endothelial cell cultures that: 1) striatin
coimmunoprecipitates with MR in vitro and in vivo 2) ALDO stimulates rapid
phosphorylation of ERK1/2 that is prevented by knocking down striatin with SiRNA; 3)
ALDO stimulates striatin synthesis; and 4) knocking down striatin in vitro does not modify
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the transcript levels of classical genomic targets of ALDO, e.g. SGK1 and ENaC. In the
present study, the cell culture data extend the molecules involved in striatin associated
effects to include Akt 13- 21, Furthermore, the in vivo studies document that knocking down
striatin levels has the same effect in the heart and kidney as in endothelial cells---reduction
of phosphorylation of Akt.

To date the data supporting a role for striatin as a critical intermediate in the non-genomic
effects of steroid hormones in general, and ALDO in particular has come from in vitro
studies. The current study extends this support to the in vivo state and suggests that striatin is
involved in regulating the organism's BP response to sodium intake 22. The mechanism(s) by
which alterations in striatin leads to SS of BP does not appear to be related to genotype
driven differences in PRA levels in humans (minor allele carriers of rs2540923) or Strn*/~
mice or potassium levels in humans. Also the biosynthesis in ALDO from glomerulosa cells
does not differ by genotype in the mice either with a change in sodium diet or in response to
incubation with angiotensin 11. Thus, striatin does not appear to be involved in mediating the
external signals regulating ALDO secretion or its de novo production by glomerulosa cells.
However, the effectiveness of ALDO seems to be increased as documented by three changes
in the kidneys of the Strn*/~ mice: a significant increase in renal MR mRNA expression
associated with increased SGK1 and ENaC mRNA expressions. Thus, the data from this
study suggest that excess MR activity underlies the SS of BP phenotype observed in Strn*/~
mice.

Excess MR Expression could potentially come from the increased circulating ALDO levels
in the Strn*/~ mice studied on the LibS diet. Given the absence of an effect on the
production of ALDO in the Strn*/~ mice, altered metabolism may be the mechanism for the
increased circulating ALDO. How this effect occurs, is uncertain. These results raise the
possibility that the excess volume expansion leading to SS of BP in Strn*/~ mice is
secondary to increased renal expression of MR leading to increased SGK1 and ENaC and
thus increased ENaC-mediated reabsorption of sodium in the renal collecting tubules.

An increasing body of data supports the concept that hypertension is not a disease but a
heterogeneous syndrome, with a number of pathways leading to an increase in BP and more
specifically to salt sensitive hypertension. Thus, GWAS studies have been nearly uniformly
unsuccessful in identify risk genes and/or alleles, likely because of the heterogeneity of the
patient population used. Thus, it is not surprising that there was no signal on 2p22.2 in the
CHARGE and GlobalBP GWAS studies given the low frequency of the risk allele, the
heterogeneity of the population and the lack of control of environmental factors critical for
identifying the intermediate phenotype identified in this study.

There are limitations to these studies. First, in the human gene association study the sample
size is relatively small which could play a role in driving our positive findings. However the
study is strengthened by the strict environmental control imposed (medication washout,
calculated diets, standardization in procedures and use of a central laboratory) 23, SNP
rs2540923 is a tagging SNP and therefore likely is a marker in linkage disequilibrium with
the functional SNP. Given the nature of the phenotype and the fact that this SNP is not in the
coding region of the gene, suggests that the functional SNP is likely in the regulatory region
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of the gene. Given the similarity between the mouse and human phenotypes, it is likely that
the functional SNP leads to a decrease in the expression of striatin, although there is no
direct data to support this hypothesis. Second our cohort was restricted to Caucasians and
additional studies are required to determine whether this phenotype will be observed in other
racial groups. Thirdly, in contrast to the mice studies, the human studies did not demonstrate
a difference in ALDO levels on the LibS diet. This lack of difference could be related to the
level of expression of striatin associated with the polymorphic variants in the gene and/or
other differences in the protocols used. Fourth, in the mice studies, while the molecular data
are suggestive of the mechanism involved in the SS of BP, the evidence is somewhat
indirect, particularly because of the differential effects on SGK1 levels between the culture
endothelial cells and the Strn*/~ mice. In addition protein levels were not assessed for MR,
SGK1 or ENaC in this study, but others have suggested a correlation between changes in
protein and mMRNA of these molecules. However, it has previously been suggested that the
non-genomic MR pathway may interact with genomic mechanisms to provide an integrated
cellular response °. Such would be more likely observed in vivo than in vitro. Finally all
generalized knockout models suffer from the possibility that the observed phenotype is due
to an effect in another disrupted gene or an effect in another tissue.

Perspectives

Striatin is a novel protein that interacts with and modulates the rapid, non-genomic activity
of steroid receptors, including the mineralocorticoid receptor (MR), however its role in
sodium, water, and blood pressure (BP) homeostasis is unknown. In the present study, we
provide direct support for a role of striatin in modulating the organism's response to salt
intake and suggest that an alteration in the MR and its downstream targets in the kidney may
be the responsible mechanism(s). However, further studies are needed to elucidate the
pathophysiological effects of striatin gene variants deficiency and whether striatin SNPs can
be exploited to identify individuals who would benefit from sodium restriction and/or
specific anti-hypertensive therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What is New?

Striatin is a key intermediate in the non-genomic actions of aldosterone. Polymorphic
variants in its gene in humans and knocking-down the gene in mice are associated with
increased salt sensitivity of blood pressure (BP).

What is Relevant?

Salt sensitive hypertension is a major, heterogeneous subset of the hypertensive
population whose cause(s) is (are) largely unknown. Identifying the underling
mechanisms in the homogeneous sub-groups of this subset will aid in the development of
more precise and specific treatment and prevention strategies. Variants in the expression
of the striatin gene may underlie one of these homogeneous sub-groups.

Summary

In a novel striatin heterozygous knockout mouse, we demonstrated that reduction in
striatin levels results in salt sensitivity of blood pressures and on a liberal salt diet was
associated with increased plasma aldosterone levels and renal tissue expression of
mineralocorticoid receptor, serum/glucocorticoid regulated kinase and epithelial sodium
channel. By using a well-phenotyped Caucasian hypertensive cohort, we documented that
genetic variance within the striatin gene was associated with salt sensitivity of blood
pressures. Taken together, this study supports a role for striatin in modulating the
response to salt intake and proposes that an alteration in mineralocorticoid receptor and
its downstream targets may be possible mechanism.
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Figure 1.
Aldosterone rapid non-genomic actions in EA.hy926 cells. A) EA.hy926 cells treated

acutely with 50 nM ALDO. B.) Cells transfected with 1 nM striatin sSiRNA or scramble
SiRNA were stimulated with ALDO for 15 minutes. pAkt/Akt levels were assessed by
Western blot. Data represent means + SEM (n=4 in duplicate).
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Figure2.
Srn gene targeting in mice. Western blot analysis of striatin expression in adrenal, heart and

kidney tissue. Gels for striatin and B-actin are presented for each tissue/genotype. Data
represent mean + SD, N=4. *p<0.01, comparing WT to Strn+/- mice.
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Figure 3.
Change in systolic blood pressure in response to changes in sodium intake. Delta is

calculated as systolic BP on 1.6% Na* minus systolic BP on 0.03% Na* diet. Data represent
means + SEM (n=13 per genotype). P value for student t-test comparing WT and Strn*/~.
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Figure4.
Effect of dietary Na* on ALDO production in vivo and ex vivo in WT and Strn*/~ mice. PRA

levels on (A) ResS or (B) LibS diets (n=4-8/group). Plasma ALDO levels on a (C) ResS or
(D) LibS diets (n=4-8/group). ALDO production is assessed in media from isolated zona
glomerulosa cells (ZG) ZG in the presence or absence of ANGII 10~ M for 2 hours on (E)
ResS and (F) LibS diets. ALDO. Black bar indicates WT, open bar indicates Strn*/~. Data
expressed as mean + SEM; * indicates p<0.001.
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Molecular studies using heart and kidney tissue. pAkt/Akt ratio protein expression in heart
(A) and kidney (B). mRNA expression using real-time PCR in kidney cortical tissue: MR
(C), SGK1 (D) and ENaC (E). * p<0.01 relative to WT-ResS. Data represent mean + SD,

N=4.
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Haplotype analyses for association with salt sensitive blood pressure in individuals with hypertension

BLOCK 1 *
Pgiobal = 0.04
Haplotype P value Frequency
GAGCGAA 0.194 0.31
GGGAGAC 0.974 0.52
AGGAAAA 0.002 0.04
GGGCGAA 0.369 0.03
GAGAGGA 0.969 0.09
GGAAAAA 0.725 0.01

rs2540923|rs888083|rs11678303|rs6744560|rs7562109|rs10490658|rs7573966

BLOCK 2 Pgioba=0.14
Haplotype Pvalue Freguency
CGA 0.43 0.21
GGA 0.98 0.02
CAA 0.65 0.7
GAA 001 0.05
CGG 0.18 0.02
GAG 0.69 0.61

rs17020071 |rs17497197|rs10490657

The primary SNP and allele driving the significant findings are in bold.

*
P value < 0.05
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