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Abstract

Purpose of review—Recent efforts to explore the genetic underpinnings of hypertension

revealed rare mutations in kidney salt transport genes contribute to blood pressure variation and

hypertension susceptibility in the general population. The current review focuses on these latest

findings, highlighting a discussion about the rare mutations and how they affect transport function.

Recent findings—Rare mutations that confer a low blood pressure trait and resistance to

hypertension have recently been extensively studied. Physiological and biochemical analyses of

the effected renal salt transport molecules (NKCC2 (SLC12A1), ROMK (KCNJ1), and NCC

(SLC12A3)) revealed that most of the mutations do, in fact, cause a loss of transport function. The

mutations disrupt transport by many different mechanisms, including altering biosynthetic

processing, trafficking, ion transport, and regulation.

Summary—New insights into the genetic basis of hypertension have recently emerged,

supporting a major role of rare, rather than common, gene variants. Many different rare mutations

have been found to affect the functions of different salt transporter genes by different mechanisms,

yet all confer the same blood pressure phenotype. These studies reinforce the critical roles of the

kidney, and renal salt transport in blood pressure regulation and hypertension.
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Introduction

Hypertension is a common disease, affecting over a billion people on the planet. It has

complex genetic and environmental underpinnings. Genes play a major role, with

heritability of blood pressure (BP) levels estimated to be 30-35%. Environmental triggers,

including high dietary sodium and low potassium intake, likely collude with genetic factors

to increase disease jeopardy. Recent efforts to explore the genetic underpinnings of the BP

trait revealed that rare mutations in kidney salt transport genes contribute to blood pressure
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variation in the general population, and play an important role in hypertension susceptibility.

Here we review these latest advances.

Genetics of the variable BP trait and Hypertension

The “common disease-common variant” hypothesis holds that the genetics of any particular

common disease, like hypertension, can be explained by a few common gene variants

specific to that disease. According to the theory, common single nucleotide polymorphisms

(SNP), the largest source of genetic diversity in the human population, form the basis of

most common disease alleles. Approximately 107 different SNP are found at a frequency of

1-5% in the human population, accounting for 90% of human genetic variance. These SNP

arose early in human ancestry so that they are found in all modern populations throughout

the globe.

In the last several years, numerous large, well-controlled genome wide association studies

(GWAS) have been performed (1-5), identifying many different interesting common

hypertension susceptibility alleles. For example, a polymorphism in promoter region of the

endothelial NO synthase gene was recently indentified (1), reinforcing the contribution of

vascular tone regulation in BP. Likewise, the discovery of a functional variant of the SPAK

kinase (STK39), which regulates the thiazide-sensitive sodium-chloride co-transporter (6),

revealed the potential contribution of a multi-gene kinase network (7) and altered renal salt

handling in essential hypertension (6, 8). Nevertheless, GWAS have not supported a major

role for common variants in hypertension. Except for a few notable exceptions, like SPAK,

it is not clear if and how most variant alleles alter gene function, and their precise link to

blood pressure is not usually obvious. More importantly, the common variant alleles have a

very small effect size on blood pressure, and their frequency is too low to explain all but a

small fraction of the genetic component of the disease.

As a result, the “common disease-rare variant” hypothesis has gained favor (9). This idea

holds that common disease has highly heterogeneous underpinnings, attributable to any one

of thousands of rare mutations. As the human population began to expand 10,000 years ago

with the development of agriculture, the number of rare mutations in the population

increased faster (∼100 mutations per generation) than the harmful ones could be eliminated

by natural selection. Of course, once a harmful mutation arises, purifying selection keeps it

rare in the population. Each individual has approximately half of a million rare variants,

∼13,000 of these are found in gene coding regions, and it is estimated that 1% have

functional effects (10). According to the theory, a common disease may have disparate rare

genetic origins because a gene or genes in a common pathway may harbor many different

severe mutations that produce the same functional effect.

Ji and co-workers explored the rare-mutation/common disease hypothesis for hypertension

(11), exploiting advances in high throughput gene sequencing technologies to rapidly and

efficiently find rare variants in the general population that might contribute to the blood

pressure trait. Their ingenious strategy was guided by insights from Bartter's and Gitelman's

syndromes, two rare recessive nephropathies characterized by renal salt-wasting and low

blood pressure (12). Bartter's syndrome results from loss-of-function mutations in any one
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of the key salt transport molecules that are responsible for sodium chloride reabsorption in

the thick ascending limb, including the sodium-potassium-two chloride cotransporter

(NKCC2, or SLC12A1) and the ROMK channel (KCNJ1 or Kir1.1) (Figure 1). Gitelman's

syndrome is caused by mutations in the thiazide-sensitive sodium chloride cotransporter,

NCC (SLC12A3) (Figure 1). Because the prevalence of the syndromes predicts ∼1% of the

general population should be a carrier, Ji et al reasoned that that the heterozygous disease

alleles might commonly impair renal salt reabsorption, and consequently confer a low blood

pressure trait.

They identified rare variants in NKCC2, ROMK and NCC, by exon sequencing in ∼3,000

individuals of the Framingham study cohort. Over a hundred different variants were found

in the salt handling genes. The task was to accurately find the few relevant ones. Some of

the variants had already been proven to cause inherited salt wasting (i.e. Bartter's or

Gitleman's syndromes), making part of the job straightforward. Still, other variants had to be

inferred to lead to loss-of-function. Algorithms have been developed to predict the

likelihood that a sequence variant might impair function. Most of them, like the one used by

Ji, are based on the simple assumption that changes in phylogenetically conserved residues

will be damaging. An additional criterion that variants be present at a low frequency was

used because harmful alleles are predicted to be under the pressure of purifying selection,

and thus rare.

Remarkably, carriers for one of the proven or inferred mutations in NKCC2, NCC, or

ROMK had a significantly lower blood pressure compared to the rest of the cohort. The

effect size was large, and carriers enjoyed protection against the development of

hypertension throughout life. These observations established that rare mutations in renal salt

handling genes do, in fact, commonly contribute to blood pressure variation in humans. The

study offered a glimpse into the genetic architecture of hypertension, revealing that rare

mutations in salt transport genes are likely to play a substantial role in the disease. Just as

predicted by the rare mutation-common disease hypothesis, many different rare mutations in

a single salt transporting gene or a common pathway of salt transporting genes were found

to confer the same blood pressure phenotype.

Of course, interpretation of the Ji et al. study hinged on knowing whether inferred variants

actually lead to loss-of-function. The predictive power of the functional variant detection

algorithms was, and still is, largely untested. Changes in evolutionarily conserved residues

may not always cause loss of function. Conceivably, they might change or, even, increase

function. For example, Conn's syndrome (aldosterone-producing adrenal adenomas and

hypertension) can be caused by mutations in the highly conserved potassium selectivity

filter of the KCNJ5 potassium channel (13), which changes the ion selectivity preference to

sodium. This causes membrane depolarization, and stimulates aldosterone production and

cell proliferation.

Fortunately, within 18 months of Ji's study, careful analyses of the inferred variants revealed

at least 90% have a loss-of-function effect (14-16). Collectively the results of these studies

indicate that rare mutations protect against hypertension by reducing the activity of renal salt

reabsorptive genes. Genetic discovery followed by careful evaluation of the underlying
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biochemical and physiological mechanism has driven remarkable progress in nephrology

and renal physiology in recent years. Studies on the hypertension resistance (HR) variants in

ROMK, NKCC2, and NCC provide new insights into their biology.

HR variants in ROMK

ROMK, the product of the KCNJ1 gene and the founding member of the “inwardly

rectifying” (Kir–type) potassium channel family, has two important functions in the thick

ascending limb that are essential for salt reabsorption (17). The channel sets a positive

transepithelial membrane potential, important for the paracellular reabsorption of cations. It

also transports potassium into the TAL lumen to maintain an adequate supply of the ion to

preserve the turnover of the potassium-dependent NKCC2 transporter. Without ROMK, the

TAL cannot reabsorb salt (18).

Like other Kir channels, the assembly of four ROMK subunits forms a channel (17). By

homology to crystallized family members, each ROMK subunit contains two membrane

domains, which flank a potassium selectivity filter. Intracellular N- and C-terminal domains

fold to create a large regulatory structure with a long extended pore. The surface of this

cytoplasmic domain serves as a site for modulation by kinases, lipids, and trafficking

machinery. Interestingly, each of the four inferred functional mutations involve residues

within the cytoplasmic domain (Figure 2).

Fang et al investigated the impact of the four inferred hypertension resistance (HR) variants

in ROMK using Xenopus oocytes as an expression system (14). The oocyte system reliably

and robustly expresses the wild-type channel, and has been used successfully to evaluate the

consequence of many Bartter's disease mutations. Remarkably, all variants affected channel

function, but they did so by different mechanisms.

Two of the HR mutations (R193P, H251Y) completely disrupted channel function by

inhibiting cell surface membrane expression. Channels bearing these mutations become

arrested in their journey through the secretory pathway somewhere between the endoplasmic

reticulum (ER) and the Golgi. Such a trafficking defect is commonly observed with

misfolded polytopic membrane proteins. This type of mutation, usually referred to as a

processing or “trafficking” mutation, is the basis for many genetic diseases including cystic

fibrosis (19), Bartter's syndrome, and Gitelman's syndrome (12). Consistent with this idea,

R193 and H251 are buried deep within the structure of the cytoplasmic domain (Figure 2),

and atomic resolution homology modeling predicts that the mutations should impair proper

folding of the cytoplasmic domain. Misfolded proteins are usually retained in the ER or

retrieved from the Golgi for anterograde traffic back to the ER, where they are degraded by

ER associated degradation (ERAD) machinery (20).

Misfolded proteins are recognized as ERAD substrates in a variety of different ways (20),

including by immature glycosylation status, exposure of hydrophobic residues, presence of

degradation signals or absence of forward trafficking motifs. Recent studies with a closely

related channel, Kir 2.1, suggest a mechanism for coupling protein folding to an early

forward trafficking step in the secretory pathway (21). Export of these channels from the

Golgi is determined by a conformational signal that is created once the cytoplasmic domains
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appropriately fold together and adopt a proper tertiary structure. Such a process provides a

quality control step in the secretory pathway, ensuring only properly folded channels exit the

Golgi for traffic to the cell surface. Misfolded Kir2.1 in the Golgi are targeted for

anterograde traffic to the ER, where they are presumably degraded by ERAD. Further

studies are required to determine whether a similar process is at play with ROMK and the

R193P, H251Y variants.

The other mutations (P166S, R169H) change channel gating, conferring a negative

regulatory property. Like the wild-type channel (22), these mutant channels require

phosphotidylinositol 4, 5 biphosphate (PIP2) to stay open. But in contrast to the wild-type

channel, which binds PIP2 so tightly that it is resistant to regulated changes in PIP2

hydrolysis (23), the P166S and P169H mutant channels bind PIP2 weakly. Remarkably, the

crystal structures of related Kir channels have been recently solved with PIP2 bound (24,

25), revealing that the affected residues flank the two critical arginines in the PIP2 binding

site (Figure 2). Because the mutations reduce rather than eliminate PIP2 binding, the

channels remain open until PIP2 levels are perturbed (14). Indeed, in heterologous

expression models, the mutant channels become inhibited upon activation of Gq-protein

coupled receptors, which induce PIP2 hydrolysis through activation of Phospholipase C. The

observations suggest that the effects of the mutations may be conditionally manifested

depending on activation of Gq-protein coupled receptors in the thick ascending limb. For

example, activation of the angiotensin II receptor (AT1R), which normally enhances sodium

transport in the TAL, may inhibit these mutant ROMK channels and mute the angiotensin II

response in the mutant carriers.

HR Variants in NKCC2

NKCC2, a member of the electroneutral cation-chloride cotransporter family (SLC12A1), is

responsible for reabsorbing sodium, chloride and potassium from the tubule lumen of the

thick ascending limb, and is the molecular target of loop-diuretic drugs (26). By homology

to crystallized APC family members (27), NKCC2 is comprised of 12-transmembrane-

helixes, which pack as two homologous domains with inverted symmetry to form the

presumed ion translation pathway (Figure 3A). The cytosolic N-terminal domain contains

the binding sites for kinases, including OSR-1 and SPAK (28). The large intracellular C

terminus folds into an alternating β-strand α-helix bundle (29) that controls dimerization of

the protein (30), membrane trafficking (31, 32) and likely serves important roles in

regulation of transport activity (33). The nine HR variants affect residues in all of these

regions, but most of them occur within the transmembrane domains.

Monette and colleagues (15) and Acunna et al. (16) found that seven of the nine variants

reduced transporter function under basal conditions (6 of 9) or activating conditions (1 of 9,

P254A). The mutagenic effects were qualitatively similar whether the studies were

performed in Xenopus oocytes or HEK cells, providing confidence in the observations. It

remains uncertain why two of the mutations (P348L and Y1070C) did not markedly alter

function, but results with the gating mutants in the ROMK channel illustrate that deleterious

effects of some mutations may be conditionally manifested, depending on cell-specific

factors or certain negative regulatory activity.
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The most severe loss-of-function mutants (R302W and L505V) exhibit a profound decrease

in plasma membrane expression, accumulating within an intracellular compartment, likely

the ER (15). These mutants appear to be targeted for degradation by ERAD, similar to the

ROMK trafficking mutants. Again, this is a common mechanism for processing misfolded

transmembrane proteins, and has been observed with other Bartter's mutations in NKCC2

(12). Interestingly, the two variants exhibit different responses to low temperature-induced

adjustments of membrane folding and ER quality control, suggesting that the two mutants

are recognized as defective at different steps in the maturation process. Perhaps this

shouldn't be so surprising given the different location of the affected residues. R302 is

situated at a transmembrane-extracellular interface, while L505V projects into the

cytoplasmic domain from the intracellular side of a different transmembrane helix.

The T235M mutation also reduced expression at the cell surface membrane, but effect was

much more mild than other trafficking mutants (15). It remains to be determined if T235M

is a substrate for ERAD, but the mutant localizes near the cell surface rather than the ER,

suggesting other mis-trafficking processes may be at play. A peripheral protein quality-

control system for removing unfolded CFTR from the cell surface has recently been reported

(34). It will be interesting to learn if the T235M mutant is processed in a similar way.

The other functional mutations affect regulation and ion translocation processes. Two of the

mutants, P254A and N399S, exhibited a blunted activation response to low intracellular

chloride (15). Normally, low chloride stimulates NKCC2 ion transport by promoting the

phosphorylation of three highly conserved threonines in the N- terminus through activation

of a WNK-SPAK/OSR-1 kinase network (35). The affected residues, not apart of the kinase

docking and phosphorylation sites in NKCC2, are positioned at intracellular ends of two

adjacent transmembrane helices. Monette et al speculated that the residues are well

positioned to serve as a docking site for the regulatory N-terminus, allowing

phosphorylation to be translated to transport-dependent conformational changes in the

transmembrane ion translocation pathway (15).

Transport measurements of extracellular ion-dependence revealed that one variant, P569H,

exhibited a markedly lower affinity for Na compared to the wild-type NKCC2 (15). Such a

change in Na kinetics would cause a strikingly decreased transport flux rate, especially in

the cortical thick ascending limb where the tubular fluid becomes dilute. The observation

reinforces an important structure function relationship. Homology modeling places the

residue in the tenth transmembrane domain, which contributes to the cation translocation

pathway in other APC superfamily transporters (36).

HR Variants in NCC

NCC, a member of the electroneutral cation-chloride cotransporter family (gene name

SLC12A3), is responsible for reabsorbing sodium and chloride in the distal convoluted

tubule, and is the molecular target of thiazide diuretics (26). Comprised of 12-

transmembrane-helixes, it shares structural homology with NKCC2 (Figure. The HR

variants are scattered throughout the structure. Careful measurements of transport in
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Xenopus oocytes revealed that all five variants reduce basal activity of NCC to variable

degrees (16).

Of the NCC variants, the S186F mutation causes the most severe reduction in activity, and is

the only variant to reduce NCC protein abundance (16). Although measurements of cell

surface expression have not been performed, this mutant fails to undergo proper N-linked

glycosylation, consistent with mistrafficking or misprocessing at an early step in the

secretory pathway. Based on the phenotype, it seems likely that the S186F variant is

misfolded, and a substrate for ERAD. Recent studies indicate that Gitelman's disease-

causing mutations that impair NCC biogenesis also fail to escape ERAD as efficiently as the

wild type protein (37, 38). Multichaperone complexes, Hsp70, Hsp40, and CHIP, have

recently been implicated in selecting these misfolded NCC for ERAD (38).

The precise mechanisms driving loss-of-function in the four other rare HR variants await

further characterization. None of these alter protein abundance. Moreover, each variant is

activated by WNK3 or intracellular Cl depletion to the same extent as the wild-type

transporter, making it unlikely that faulty phospho-dependent regulation contributes to loss-

of-function.

Conclusion

Rare HR mutations in NKCC2, NCC, and ROMK alter transport function by diverse

mechanisms, including changing transporter kinetics, or by altering regulation, trafficking,

and biogenesis. Nevertheless, they all confer the same low blood pressure phenotype, and

resistance to hypertension. The new observations demonstrate that common traits, like blood

pressure variation and hypertension susceptibility, can have disparate genetic origins when

different rare mutations produce the same functional effect even when vastly different

mechanisms are involved.
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Key Points

• Carriers for proven or inferred rare mutations in NKCC2, NCC, and ROMK

have a significantly lower blood pressure and are resistant to hypertension.

• Over 90% of the inferred Hypertension resistance variants were proven to have

a functional effect.

• HR Mutations alter function by diverse mechanisms, including protein

processing, trafficking, transport turnover, regulation.

• Blood pressure variation may be explained by disparate genetic origins because

different rare mutations produce the same functional effect.
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Figure 1.
Rare Hypertension Resistance Variants were identified in NKCC2 and ROMK, which are essential for salt reabsorption in the

thick ascending limb, and NCC, the thiazide sensitive transporter that is responsible for salt reabsorption in the distal convoluted

tubule. Homozygous mutations in NKCC2 and ROMK cause Bartter's syndrome. Homozygous mutations in NCC cause

Gitelman's syndrome. Carriers of these mutations are protected from hypertension.
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Figure 2.
Atomic Resolution model of ROMK. Two of four subunits are shown for clarity. HR Variants are located in the cytoplasmic

domain. Inset on right shows HR variants that affect PIP2-dependent gating reside in the PIP2 binding site.
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Figure 3.
Location of HR Variants in NKCC2 (A) and NCC (B).
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