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Thiazide-Sensitive NaCl Cotransporter
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Abstract The thiazide-sensitive NaCl cotransporter (NCC, SLC12A3) is a member
of the solute carrier 12 (SLC12) family of electroneutral cotransporters. NCC is
expressed in the distal convoluted tubule (DCT) of the kidney, where it mediates the
transport of sodium with chloride in 1:1 stoichiometry. NCC is responsible for
reabsorbing approximately 5–10% of sodium from the glomerular filtrate. NCC
plays a key role in determining the blood pressure set point and potassium balance.
NCC is the major molecular target of thiazide-type diuretics, drugs commonly used
as first-line agents in the treatment of essential hypertension and edema. Since its
cloning decades ago, much has been learned about the physiological transport
properties of NCC, its regulation, and its connections to human disease. In this
chapter, I provide an overview of the biology of this important cotransporter.

Keywords NCC · Thiazide · WNK · SPAK · OSR1 · Distal convoluted tubule ·
Gitelman syndrome · Pseudohypoaldosteronism Type 2

3.1 Introduction

The thiazide-sensitive Na-Cl cotransporter (NCC, SLC12A3) is a member of the
SLC12 family of cation–chloride cotransporters. It is the primary mediator of
sodium transport in the distal convoluted tubule (DCT) of the kidney, a short but
important nephron segment positioned between the Loop of Henle and collecting
duct that regulates blood pressure and electrolyte balance. This chapter provides a
summary of our current knowledge of NCC, extending from early studies of its
transport characteristics and cloning, to recent work on its physiologic regulation
in vivo, and its role in human disease.
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3.2 Early Studies and Cloning of NCC

The first studies of thiazide-sensitive salt transport in the kidney were conducted in
the 1950s. These studies were motivated by the search for new diuretic drugs that
lacked the toxic effects of organic mercurial diuretics such as Mersalyl (Freeman
et al. 1962). Proximal tubule carbonic anhydrase inhibitors, such as the sulfonamide
acetazolamide, were among the first nontoxic diuretics identified, although it was
immediately recognized that their ability to stimulate Na and water excretion waned
over repeated uses. In addition, the diuretic effects of acetazolamide are almost
always accompanied by clinically significant metabolic acidosis (Novello and
Sprague 1957). In an effort to develop new sulfonamides with enhanced effects on
sodium chloride excretion, investigators at Merck synthesized the first thiazide
diuretic, chlorothiazide (Diuril), in 1957 (Novello and Sprague 1957). Although
chlorothiazide inhibited carbonic anhydrase to some degree, it also stimulated
chloride excretion in a manner similar to mercurial compounds, which act more
distally. In the 1960s, experiments by Orloff and others suggested that chlorothiazide
blocks NaCl reabsorption in the distal nephron (Earley and Orloff 1964). In the
mid-1970s, Kunau et al. narrowed the site of action to the distal convolution (Kunau
1974), studies that were later verified by Constanzo et al. (Costanzo 1988; Costanzo
and Windhager 1978). Ellison et al. established that thiazide diuretics block a
coupled sodium chloride cotransport pathway in the DCT (Ellison et al. 1987).
These important papers established that the natriuretic effects of thiazides were
predominantly due to inhibition of a distal nephron salt cotransporter, not proximal
tubule carbonic anhydrase.

Initial efforts to identify the molecular identity of the “thiazide receptor” from
kidneys using an expression cloning approach were unsuccessful, possibly because
the DCT is the shortest tubular segment of the nephron and NCC, therefore,
comprises only a tiny fraction of total mRNA from a kidney extract. Thus, a radically
different strategy had to be employed. In the 1980s, studies by Stokes (1984) and
Renfro (1977) identified a salt cotransporter in the bladder of the winter flounder
(Pseudopleuronectes americanus) whose activity was sensitive to thiazides. The
transport properties were thought to be identical to the NCC in human DCT. Thus, in
1993, Gamba and Hebert astutely used mRNA from flounder bladder as starting
material to derive the first NCC cDNA (Baggio et al. 1993). The flounder sequence
was then used as a template to isolate mammalian NCC cDNAs via homology-based
strategies (Gamba et al. 1994).

3.3 Primary Structure and Molecular Architecture

Analysis of the primary structure of NCC suggested a complex topology consisting
of 12 transmembrane domains (TMs) flanked by large intracellular amino- and
carboxy-termini (Baggio et al. 1993). It is believed that the N-terminal intracellular
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domain is unstructured, while the C-terminus adopts a complex and compact fold. A
large extracellular loop containing N-glycosylation sites was predicted to reside
between TMs 7 and 8 (Fig. 3.1). In mammals, this extracellular loop contains two
N-glycosylation sites, whereas, in teleosts, three sites are present (Gamba 2005).
Only one of these asparagines, Asn-403 in flounder, is conserved among all NCCs.
This general topology is consistent with that of the two other electroneutral sodium-
coupled cotransporters within the SLC12 family, the bumetanide-sensitive Na+-K+-
2Cl� cotransporters NKCC1 (SLC12A2) and NKCC2 (SLC12A1).

Initial clues into the transmembrane topology of NCC were extrapolated from the
solved crystal structures of other sodium-coupled secondary transporters, such as the
bacterial sodium-coupled leucine transporter LeuT (Krishnamurthy and Gouaux
2012). This topology was recently further supported when the structure of Danio
rerio NKCC1 (DrNKCC1) was solved in a partially inward open configuration by
cryo-electron microscopy (Chew et al. 2019). Based on the fold of this cotransporter
and other members of the amino acid-polyamine-cation (APC) transporter super-
family (of which the SLC12 cotransporters are a part of), the first ten TMs organize
into two internally folded domains (Krishnamurthy et al. 2009). The two domains
each consist of five helices that are oriented perpendicular to the membrane in
opposite directions to each other in a “pseudosymmetric” manner (Fig. 3.1). The
DrNKCC1 fold suggests that the sites for sodium and chloride binding and translo-
cation in NCC are located near TMs 1 and 6. Discussed in further detail below,
phosphorylation of the intracellular amino terminus increases NCC activity. Since

Fig. 3.1 Two-dimensional topology diagram of the thiazide-sensitive NaCl cotransporter (NCC),
based on the 5 + 5 transmembrane inverted repeat common to members of the APC superfamily,
and the solved Cryo-EM structure of NKCC1. The inverted “pseudosymmetric” folds are indicated
with triangles. NCC has two large intracellular termini and a sizeable extracellular loop that contains
N-glycosylation sites. The N-terminus is a regulatory domain that undergoes phosphorylation,
while the structured C-terminus is important for homodimerization
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this intracellular domain is immediately contiguous with TM1, it is conceivable that
phosphorylation of the NCC N-terminus may provoke structural alterations in the
positioning of transmembrane domains within the solvent-accessible vestibule,
thereby enhancing the efficiency of sodium chloride cotransport.

Previous studies by de Jong et al. indicate that NCC assembles into homodimers
prior to plasma membrane delivery (de Jong et al. 2003). Like many proteins
(Zerangue et al. 1999), macromolecular NCC assembly takes place in the ER,
since high mannose immature ER-localized glycoforms of NCC readily form dimers
(unpublished observations). Protein interaction studies suggest that the large and
highly folded C-terminal domain (CTD) is essential for homodimer formation.
These studies have been confirmed by the recently reported crystal structure of
DrNKCC1 (Chew et al. 2019) as well as the intracellular C-terminus of MaCCC,
a bacterial cation–chloride cotransporter whose C-terminus shares some homology
to NCC (Warmuth et al. 2009). The resolved structure of the CTD of one DrNKCC1
subunit interacts with the transmembrane domain (TMD) of the opposing subunit in
a domain-swap configuration (Chew et al. 2019). The connections between the
TMDs and CTDs are mediated by a flexible helix of ~10 amino acids in length
(termed the “scissor helix”). This structure wraps around a scissor helix from its
associated dimeric partner, resulting in the domain-swap orientation. Conforma-
tional variations noted by cryo-electron microscopy revealed that the structure is
therefore likely highly dynamic, undergoing swiveling and rocking motions that
alter the orientations between the two swapped domains.

3.4 NCC Transport Characteristics

The initial functional characterization of flounder NCC confirmed that ion influx is
saturable, consistent with a carrier-mediated mechanism. According to this study and
others, the Km values for Na+ and Cl� are approximately 30 and 15 in flounder NCC,
respectively (Gamba et al. 1993; Vazquez et al. 2002). Mammalian (rat) NCC, in
contrast, exhibits a much higher affinity for ions with Km values for Na+ and Cl� of
6 and 0.3, respectively (Vazquez et al. 2002). The mammalian NCC appears to be
much more thiazide-sensitive, with an IC50 for metolazone of 0.3 μM, compared to
the flounder NCC IC50 of 4.0 μM (Moreno et al. 2006; Vazquez et al. 2002).

Over a decade ago, studies carried out with NCC-NKCC2 chimeras revealed that,
as expected, the hydrophobic 12 transmembrane domain region of NCC confers ion
translocation and diuretic sensitivity (Tovar-Palacio et al. 2004). This is consistent
with more recent structural information obtained from the solved structures of
DrNKCC1 and other APC superfamily members (Chew et al. 2019; Krishnamurthy
and Gouaux 2012; Krishnamurthy et al. 2009; Singh et al. 2008). Moreno et al.
(2006) took advantage of the functional differences between rat and flounder NCC to
define sites of ion translocation and diuretic binding. Using several rat-flounder
chimeric constructs, they concluded that transmembrane domains 1–7 contained
residues that alter chloride affinity. This was recently supported by the solved
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structure of NKCC1, in which TMs 1, 3, 6, and 8 form the solvent-accessible
vestibule for ion translocation (Chew et al. 2019). Within this vestibule, the binding
site for sodium is identical to the classical “Na2” site contained in other APC
transporters. Within human NCC, two adjacent serine residues at positions
467 and 468 appear to be critical. Molecular dynamics simulations of NKCC1 also
indicate that Cl� diffuses between TM1s and 6, indicating that the vestibule is
important for the translocation of both ions. These studies also suggested that
transport of Na+ and Cl� are likely cooperative as residency of Na+ in the Na2
binding site enhances Cl� residence time, and vice versa.

Moreno et al. also reported that swapping transmembrane domains 8–12 between
species altered the thiazide binding affinity (Moreno et al. 2006). This indicates that
the binding sites for chloride and thiazide diuretics are different. Further analysis of
these transmembrane domains revealed that substituting residues within TM11 was
sufficient to confer altered sensitivity to metolazone (Castaneda-Bueno et al. 2010).
Mutating serine 575 in the rat cotransporter to the corresponding residue in flounder
(a cysteine) was sufficient to mediate this effect. Because only cysteine substitution
at this site was capable of altering thiazide sensitivity, it is possible that the flounder
cotransporter contains an extra intramembranous disulfide bond that alters the NCC
fold. Although it is unclear if rat serine 575 participates in a local binding site for
metolazone, these findings implicate TM11 as an important structural component of
NCC that defines its thiazide-sensitivity.

Mammalian NCC undergoes N-linked glycosylation on two asparagines harbored
within the third extracellular loop, located between TM5 and TM6 (Hoover et al.
2003). N-glycosylation at these sites may play an important role in thiazide and
chloride binding, since mutation of the glycosylation site asparagines to glutamine
decreased the rat NCC Km for chloride binding and IC50 for thiazide inhibition
substantially, without affecting its affinity for sodium (Hoover et al. 2003). As
mentioned above, the binding sites of chloride and thiazide diuretics are different
(Moreno et al. 2006). Therefore, these findings suggest that N-linked glycosylation
alters NCC conformation at multiple sites. One interpretation of the data is that
glycosylation may introduce broad changes into the NCC tertiary structure, allowing
it to achieve a mature conformation that can mediate thiazide-sensitive salt transport.
This would be consistent with the well-appreciated role of N-glycosylation in the
global folding of other polytopic membrane proteins, such as the cystic fibrosis
transmembrane conductance regulator (CFTR) (Glozman et al. 2009).

3.5 NCC Biogenesis

3.5.1 NCC Processing in the ER

Given the complex topology of NCC, it must undergo considerable processing
within the biosynthetic pathway before it can achieve a proper fold. Current data
suggest that, similar to other polytopic membrane proteins (Vembar and Brodsky
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2008), this process is slow and/or inefficient. This is sensed by protein quality
control mechanisms, which target suboptimally folded NCC conformers for
ER-associated degradation (ERAD). Once the NCC polypeptide becomes integrated
into the plasma membrane, molecular chaperones facilitate its proper folding.
Heterologous expression studies in yeast and in mammalian cells have identified a
host of cytoplasmic chaperone proteins are responsible for this process (Fig. 3.2).
These molecular chaperones are exclusively located within the cytoplasm. ER
luminal chaperones, in contrast, appear to be less important (Needham et al.
2011). The cytoplasmic Hsp70/Hsp40 chaperone complex participates in one of
the earliest quality control steps during NCC processing in the ER (Needham et al.
2011). Within this complex, Hsp70 is critically important, while Hsp40 is bound to
Hsp70 and NCC but is dispensable for NCC quality control. If Hsp70 is able to fold
NCC into a stable intermediate conformation, it will then be transferred from Hsp70
to Hsp90 via the Hsp70/Hsp90 organizer cochaperone (HOP/Stip1) (Donnelly et al.
2013) (Fig. 3.2). Hsp90 will then engage NCC and attempt to fold it further. If the
cotransporter is interacting with either of these chaperones and becomes terminally
misfolded, it will be targeted for ubiquitylation and ERAD (Donnelly et al. 2013).
Thus far, three E3 ubiquitin ligases have been identified that can mediate this
process. Based on studies of NCC ERAD in yeast, suboptimal folding and aggre-
gation of transmembrane domains are likely a common mishap, resulting in targeted
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Fig. 3.2 Early steps in NCC biogenesis. NCC is recognized at an early stage of its biogenesis by an
Hsp70/Hsp40 complex. Hsp70 recognizes misfolded regions of the cotransporter and attempts to
fold it into a stable conformation. NCC will then be transferred from Hsp70 to Hsp90 via HOP.
Cotransporters that achieve a stable Hsp90-bound conformational intermediate will then advance
further along the biosynthetic pathway and out of the ER. At various stages of this pathway, the E3
ubiquitin ligases HRD, TEB4, and CHIP can ubiquitylate misfolded NCC conformers, targeting
them for ER-associated proteasomal degradation (ERAD)
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degradation by HRD1 (Needham et al. 2011). Misfolded cytoplasmic regions of
NCC, on the other hand, can be recognized by the E3 ligase Doa10/TEB4 (Needham
et al. 2011), or by the C-terminus of Hsp70 interacting protein (CHIP/Stub1)
(Donnelly et al. 2013) (Fig. 3.2). Following ubiquitylation, NCC is then extracted
from the ER membrane and extruded into the cytosol by the AAA+ ATPase Cdc48
and degraded by the 26S proteasome (Needham et al. 2011). In each case, interaction
with Hsp70 or Hsp90 appears to be a prerequisite prior to ubiquitylation and ERAD
(Needham et al. 2011; Donnelly et al. 2013).

As NCC is being folded in the ER, it undergoes glycosylation on two asparagines
harbored within its third extracellular loop (Hoover et al. 2003). Like other trans-
membrane glycoproteins such as CFTR (Ward and Kopito 1994), the N-linked
sugars attached to NCC are processed in the ER into a high-mannosylated form.
Upon transit to the Golgi, the mannoses are cleaved into mature shorter glycan
chains. Proper glycosylation is essential for NCC to exit the biosynthetic pathway
and reach the plasma membrane (Hoover et al. 2003).

3.5.2 Post-ER Processing and Endosomal Storage of NCC

Little is known about how later steps of NCC maturation are carried out from within
the Golgi. Presumably, most NCC will be processed in the Golgi cisternae when it is
already in its homodimeric form, as oligomerization events commonly take place in
the ER (Geva and Schuldiner 2014). As it matures, the dimeric NCC passes through
the Golgi cisternae, is packaged into vesicles at the trans-Golgi network (TGN), and
is sent to the apical plasma membrane via an endosomal system. In some cases,
however, a subpopulation of cotransporters can be sorted directly from the TGN to
the lysosome for degradation. Protein interaction studies suggest that this process
may require the adaptor protein complex AP-3 (Subramanya et al. 2009), or the
lysosomal sorting receptor sortilin (Zhou et al. 2009). In heterologous expression
systems, this alternative TGN-to-lysosome transport pathway appears to be greatly
enhanced in cells overexpressing With-No-Lysine kinase 4 (WNK4, discussed in
detail below).

Ultrastructural studies performed in rodent kidneys commonly demonstrate that
NCC exists in apical and subapical populations in DCT cells (Lee et al. 2009;
Sandberg et al. 2006). The subapical population resides within endosomes, which
can be rapidly mobilized to the surface by hormones such as vasopressin and
angiotensin II (Pedersen et al. 2010; Mutig et al. 2010; Sandberg et al. 2007).
Conversely, physiological states such as acute hypertension can cause the NCC to
quickly retract from the plasma membrane into endosomes and lysosomes (Lee et al.
2009). This process is linked to site-specific ubiquitylation of the cotransporter at the
plasma membrane at several lysine residues localized within the cytoplasmic NCC
CTD (Rosenbaek et al. 2017).
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3.6 NCC Activity at the Plasma Membrane

3.6.1 NCC Phosphorylation

In order for NCC to be active, it must first be “switched on” by phosphorylation
(Pacheco-Alvarez et al. 2006). These phosphoactivation events specifically occur on
serines and threonines present in the intracellular NCC amino terminus. Figure 3.3a
illustrates sites of phosphorylation that have been identified, either through
phosphoproteomic studies or through analysis of homologous phosphorylation
sites experimentally identified on other sodium-coupled cotransporters that are
members of the SLC12 family, such as NKCC1 (Darman and Forbush 2002). To
date, seven phosphoacceptor residues have been identified. According to the human
NCC numeration, these amino acids correspond to threonines 46, 50, 55, and 60, and
serines 73, 91, and 126 (Richardson et al. 2008; Rosenbaek et al. 2012). Phosphor-
ylation at each of these sites enhances NCC activity, although some evidence
suggests that threonine 60 may have a unique and dominant role in dictating
NCC-mediated sodium transport (Pacheco-Alvarez et al. 2006) (Fig. 3.3a). Since
all of these phosphosites are harbored within the NCC amino terminus, they are
located immediately proximal to the first transmembrane domain. Thus, phosphor-
ylation of the NCC N-terminus may somehow alter the positioning or structure of
residues related to TM 1. Since structural data from other members of the APC
superfamily indicate that TMs 1 and 6 help form the Na-Cl translocation pathway
(Chew et al. 2019; Krishnamurthy et al. 2009), phosphorylation may enhance the
efficiency of Na-Cl transport by altering the structure of the transporter vestibule.

Recent data also indicate a relationship between NCC phosphorylation status and
expression at the plasma membrane. Immunolocalization and ultrastructural studies
using phosphospecific antibodies to one or more of the aforementioned NCC
phosphorylation sites indicate that phosphorylated NCC is tightly restricted to the
DCT apical membrane, whereas the unphosphorylated form appears to be more
diffusely spread in both plasma membrane and intracellular compartments (Yang
et al. 2007a; Mutig et al. 2010; Sandberg et al. 2006; Lee et al. 2009). This suggests
that phosphorylation enhances NCC accumulation at the plasma membrane. Con-
sistent with this, phosphorylated forms of NCC are not internalized via clathrin-
mediated endocytosis as rapidly as unphosphorylated forms of the cotransporter, and
exhibit decreased ubiquitylation (Rosenbaek et al. 2014). Although the mechanism
by which the phosphorylated form of NCC is relatively spared from endocytosis is
unclear, it seems to be related to a change in its membrane complex properties. Blue
native PAGE electrophoresis (BN-PAGE) studies suggest that upon phosphoryla-
tion, plasma membrane NCC shifts from a 400 kDa complex to heavier complexes of
~700 kDa in molecular mass (Lee et al. 2013). Included in the 700 kDa complex is
γ-adducin, a membrane cytoskeletal protein that stimulates NCC (Lee et al. 2013;
Dimke et al. 2011). Other data suggest that plasma membrane-localized NCC may
be associated with other membrane proteins in heteromeric complexes, such as the
epithelial sodium channel ENaC (Mistry et al. 2016). The incorporation of
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Fig. 3.3 Control of NCC activity by phosphorylation. (a) A regulatory locus of phosphorylation
consistent of a cluster of serines and threonines is contained within the cytoplasmic amino terminus
of NCC. The amino terminus is contiguous with the TM1, which likely forms a sodium binding site
with TM6. A binding motif for the serine/threonine kinases SPAK and OSR1 is located at the
extreme end of the N-terminus. SPAK/OSR1 phosphorylation sites are shown in pink. Threonine
60 is critical for NCC activity. Other known phosphoacceptor residues are shown in gray. The
kinases that phosphorylate these residues are unknown, but some of them (including serine 73) are
phosphorylated in concert with SPAK/OSR1 activation. This suggests that other kinases may
cooperate with SPAK/OSR1 to activate NCC. (b) Current model for SPAK/OSR1 activation.
SPAK and OSR1 are activated by WNK kinases and phosphorylate NCC at the plasma membrane.
The WNKs are a convergent regulatory point for upstream stimuli, including low intracellular
chloride levels and hormones that stimulate renal salt reabsorption. Phosphorylation increases NCC
stability at the surface. Inactive nonphosphorylated forms of NCC do not transport NaCl and are
ubiquitylated and endocytosed more rapidly from the plasma membrane
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phosphorylated NCC into high molecular weight complexes at the plasma mem-
brane may prevent the cotransporter from being incorporated into clathrin-coated
vesicles.

3.6.2 The WNK-SPAK/OSR1 Signaling Pathway

3.6.2.1 SPAK and OSR1

Two structurally homologous serine–threonine kinases directly phosphorylate the
NCC amino terminus. These kinases are the Ste20-like proline-alanine rich kinase
(SPAK, encoded by the gene STK39), and oxidative stress-responsive kinase
1 (OSR1, encoded by OXSR1) (Richardson et al. 2008). The relationship between
SPAK, OSR1, and sodium-coupled cation–chloride cotransporters was discovered
initially in yeast two-hybrid studies of the secretory Na+-K+-2Cl� cotransporter
NKCC1 (SLC12A2) (Piechotta et al. 2003). These studies identified SPAK as a
binding partner with the NKCC1 amino terminus. The findings were then extended
to OSR1, whose amino acid sequence is 67% identical to SPAK (Delpire and
Gagnon 2006). Both SPAK and OSR1 bind to the NKCC1 N-terminus via an
[R/K]FX[V/I] motif (where X can be any amino acid residue) (Piechotta et al.
2003). Later, these motifs were identified on NCC and the renal thick ascending
limb Na+-K+-2Cl� cotransporter NKCC2 (SLC12A1) and were confirmed to be
SPAK and OSR1 binding sites on those cotransporters as well (Gagnon et al.
2006; Richardson et al. 2008; Villa et al. 2007). Consistent with a broad role for
SPAK and OSR1 in stimulating the activity of SLC12 cotransporters in the kidney,
SPAK and OSR1 are highly expressed in the thick ascending limb of the Loop of
Henle (TAL) and DCT (McCormick et al. 2011). Moreover, SPAK mutant knock-in
mice that express a catalytically inactive form of SPAK that cannot be phosphory-
lated by upstream signals in its kinase activation loop (i.e., “T-loop”), exhibit
decreased salt reabsorption and NKCC2 and NCC phosphorylation in both the
TAL and DCT (Rafiqi et al. 2010). Presumably, this inactive form of SPAK acts
as a dominant-negative, preventing the association of native SPAK and/or OSR1
with the N-terminal binding sites in NKCC2 and NCC. Many of the identified
phosphorylation sites on NCC are SPAK/OSR1 phosphoacceptor residues. These
sites correspond to amino acids 46, 50, 55, and 60 of the human NCC N-terminus
(Richardson et al. 2008). Serine 73 may also be directly phosphorylated by SPAK, as
SPAK KOmice exhibit decreased phosphorylation at this residue (Yang et al. 2010),
this site was not modified in in vitro studies. Likewise, phosphorylation of serine
91 is diminished in cells lacking SPAK activity, although this residue was not a
direct SPAK/OSR1 phosphorylation site. Thus, some of the phosphoacceptor resi-
dues in the NCC N-terminus may be targeted by other kinases that cooperate with
SPAK and OSR1 to stimulate salt transport in the DCT.

Studies in SPAK and OSR1 knockout animals illustrate the importance of these
kinases in renal salt transport. Although both of SPAK and OSR1 can activate NCC,
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their genetic ablation in the kidney results in disparate renal salt-wasting phenotypes.
Mice deficient in SPAK exhibit salt wasting similar to a mild form of Gitelman
syndrome (Yang et al. 2010; McCormick et al. 2011), suggesting that this kinase
stimulates salt reabsorption in the DCT. These mice exhibit decreased NCC phos-
phorylation, but their mild salt wasting is due to the fact that they exhibit a dramatic
increase in NKCC2 activity. In contrast, OSR1 knockout mice exhibit a more
Bartter-like phenotype, due to a strong decrease in NKCC2 activity in the TAL
(Lin et al. 2011). NCC activity is relatively unaffected.

Current evidence suggests that these different phenotypes are due to discrepan-
cies in the expression and activity of SPAK and OSR1 in the TAL and DCT. In the
TAL, SPAK activity appears to be low, due to the expression of short forms of the
kinase (McCormick et al. 2011; Grimm et al. 2012). These short forms of SPAK are
exclusively expressed in the TAL and are either truncated transcripts or proteolytic
fragments that lack kinase activity (McCormick et al. 2008; Markadieu et al. 2014).
These kinase-deficient species can suppress the kinase activity of full-length SPAK
and OSR1, functioning in a dominant-interfering manner. Genetic deletion of SPAK
eliminates the expression of both its long and short forms in the TAL; this effectively
releases OSR1 from inhibition in the TAL, causing it to hyperphosphorylate
NKCC2. Since only the full-length form of SPAK is expressed in the DCT, SPAK
KO mice exhibit a net decrease in NCC phosphorylation, resulting in the Gitelman-
like phenotype. In the absence of SPAK, OSR1 redistributes into an intracellular
location, collecting in large puncta (McCormick et al. 2011; Grimm et al. 2012;
Terker et al. 2015). These puncta, termed “WNK bodies,” contain upregulated
components of the WNK-SPAK/OSR1 pathway and are further discussed below
(see section on WNK1) (Boyd-Shiwarski et al. 2018). More work is needed to
further elucidate the relationship between SPAK, OSR1, and cation–chloride
cotransporters in the kidney, but the current body of work suggests that SPAK is
the dominant activator of NCC in the DCT, while OSR1 serves as the main activator
of NKCC2 in the TAL.

3.6.2.2 WNK Kinases

In order for SPAK and OSR1 to phosphorylate and activate the sodium-coupled
cation–chloride cotransporters, they must first be in an active state. SPAK and OSR1
activation occurs through phosphorylation of key residues in their kinase domains
(Vitari et al. 2005, 2006; Thastrup et al. 2012). A family of proteins called With-No-
Lysine (amino acid ¼ [K]; WNK) kinases mediates this process. The mammalian
WNK family consists of four genes, which encode large serine–threonine kinases
found in many eukaryotes. All four WNK kinases share a similar domain organiza-
tion, consisting of an N-terminal kinase domain, an autoinhibitory domain that
suppresses intrinsic kinase activity and can cross-inhibit other WNKs, 2–3 coiled-
coil domains which facilitate oligomerization, and multiple SPAK/OSR1 binding
motifs (Richardson et al. 2008). They were named “With-No-Lysine” kinases after
bioinformatic analysis of the kinase domain revealed that the catalytic lysine
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required for ATP binding and phosphoryl transfer is missing from its usual location
in β strand 3 of the active site; instead, this lysine is positioned in β strand 2 (Xu et al.
2000; Min et al. 2004). Due to this unusual arrangement of residues within the kinase
domain, chloride can bind directly to the catalytic site and block its ability to trigger
autophosphorylation and kinase domain activation (Piala et al. 2014). Thus, the
unique structure of WNK kinases allows them to act as intracellular chloride sensors.

The WNKs were identified as NCC regulators over a decade ago, through studies
of a rare chloride-dependent thiazide-sensitive Mendelian blood pressure disorder
called Familial Hyperkalemic Hypertension (FHHt, also known as
Pseudohypoaldosteronism type 2 or Gordon Syndrome). In 2001, mutations in two
WNK kinases, WNK1 and WNK4, were linked to FHHt (Wilson et al. 2001). Both
of these kinases were expressed with NCC in the DCT (Wilson et al. 2001; Rinehart
et al. 2005). While important roles for WNK3 have been established in the brain, and
some reports indicate that it is also expressed in the kidney, WNK3 KO mice do not
exhibit a renal phenotype, suggesting that it not be as important as WNK1 and
WNK4 in renal tubular physiology (Mederle et al. 2013). WNK2, is a brain, heart,
and intestine-expressed WNK kinase that is excluded from the kidney and therefore
does not appear to be a major NCC regulator (Rinehart et al. 2011).

WNK1 is unique from WNK4 and WNK3 in that it contains multiple promoters
and undergoes extensive alternative splicing in the kidney (O’Reilly et al. 2003;
Delaloy et al. 2003). Thus, its renal expression pattern consists of multiple isoforms
with disparate functions. These isoforms can be classified into two major functional
groups: Long kinase active isoforms (“L-WNK1”) with intact serine–threonine
kinase activity, or short Kidney Specific isoforms that are kinase-defective (“KS-
WNK1”). KS-WNK1 isoforms are generated by an alternative promoter located
between exons 4 and 5. This promoter is only active in the kidney and drives the high
expression of KS-WNK1 in the DCT (O’Reilly et al. 2006; Vidal-Petiot et al. 2012;
Liu et al. 2011).

Although mutations in WNK1 and WNK4 were the first to be implicated in the
pathogenesis of FHHt, most FHHt affected harbor mutations in two other genes, the
E3 ubiquitin ligase Cullin 3 (CUL3) and its adaptor, Kelch-like 3 (KLHL3) (Boyden
et al. 2012; Louis-Dit-Picard et al. 2012). The CUL3-KLHL3 complex binds to
WNK1 and WNK4 and facilitates their ubiquitylation and degradation (Shibata et al.
2013; Ohta et al. 2013).

3.6.2.2.1 WNK4

The first studies defining relationships between theWNKs and NCCwere carried out
in the Xenopus laevis oocyte expression system. This in vitro system had been used
for the initial expression cloning studies that permitted the isolation of the cDNAs
encoding NCC and other members of the cation–chloride cotransporter family.
Thus, it was a natural extension to utilize the system to test the effects of WNK
kinases on the NCC function. The general approach for these experiments was to
coinject in vitro transcribed RNA encoding a WNK kinase along with NCC and
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measure NCC activity by performing 22Na+ radioisotopic fluxes in the presence or
absence of thiazide. These initial experiments indicated that overexpression of
WNK4 suppresses NCC activity (Yang et al. 2003; Wilson et al. 2003). Later, this
finding was also seen in mammalian overexpression systems and mouse distal
convoluted tubule cell lines (Subramanya et al. 2009; Ko et al. 2012; Cai et al.
2006; Zhou et al. 2009). Follow-up studies revealed that this overexpression phe-
notype is due to the suppression of NCC trafficking from the TGN to the plasma
membrane (Golbang et al. 2006; Subramanya et al. 2009). Instead of being trafficked
from the TGN to the surface, NCC is routed directly to lysosomes for degradation via
an intracellular route. This event was associated with enhanced interaction between
NCC and the AP-3 adaptor protein complex, which sorts cargo to the lysosome from
the TGN (Subramanya et al. 2009; Simpson et al. 1997; Dell’Angelica et al. 1997).
In addition, WNK4 overexpression promotes NCC packaging into vesicles that
contain the lysosomal sorting receptor sortilin (Zhou et al. 2009). Although some
studies suggested that intact WNK4 kinase activity is required for this inhibitory
effect on NCC forward trafficking (Wilson et al. 2003; Golbang et al. 2006; Cai et al.
2006), other studies have argued that the effect is mediated by the WNK4
C-terminus, and therefore, is a kinase-independent process (Yang et al. 2005). The
MAP kinase ERK1/2 may mediate the inhibitory effect of WNK4 on NCC, as
ERK1/2 activation is associated with decreased NCC plasma membrane expression,
and WNK4 overexpression can activate the ERK1/2 signaling pathway (Zhou et al.
2012; Ko et al. 2007). However, these studies remain largely correlative to date, and
conflicting experiments have implicated ERK1/2 as a stimulator of NCC endocyto-
sis, a trafficking operation that is not affected by WNK4 overexpression (Golbang
et al. 2006; Subramanya et al. 2009).

Although numerous laboratories have independently corroborated this “inhibi-
tory” effect of WNK4 (Subramanya et al. 2009; Yang et al. 2003, 2005; Golbang
et al. 2006; Wilson et al. 2003; Cai et al. 2006; Ko et al. 2012), caution should be
exercised when interpreting these experiments. Importantly, nearly all of the in vitro
studies looking at this aspect of WNK4-NCC regulation have been performed in
heterologous expression systems. Overexpression of a WNK kinase can cause
aberrant sequestration and mislocalization of other components of the signaling
pathway, including other WNK kinases or SPAK and OSR1. Thus, the inhibitory
phenotype seen in in vitro systems may not have an in vivo correlate. Indeed,
transgenic mice overexpressing wild type WNK4 have provided conflicting results;
one of the mouse models exhibited strong inhibition of NCC expression and DCT
atrophy, while the other mouse actually exhibited increased NCC activity due to
overstimulation of SPAK and OSR1 (Wakabayashi et al. 2013; Lalioti et al. 2006).

Consistent with this second mouse model, a number of studies have shown that
WNK4 can activate NCC via SPAK/OSR1 (Vitari et al. 2005; Yang et al. 2007a). In
contrast to the inhibitory effect of WNK4 described above, there is a general
consensus that the stimulatory effect requires direct phosphorylation of SPAK/
OSR1 by WNK4. This, in turn, results in downstream enhanced SPAK/OSR1
mediated phosphorylation of NCC. Moreover, several hormones that activate salt
transport via NCC (discussed in detail below) appear to trigger NCC
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phosphorylation by stimulating WNK4-mediated activation of SPAK/OSR1. Thus,
many experts in the field view the stimulatory effect of WNK4 on NCC phosphor-
ylation status as its primary and more physiologically relevant mode of operation
(Takahashi et al. 2014; Richardson et al. 2008).

In summary, current data on the role of WNK4 in NCC regulation provide
evidence on both sides of the fence: some studies support its role as an inhibitor of
NCC trafficking to the plasma membrane, while others have shown that it can
stimulate NCC activity via SPAK- and OSR1-mediated phosphorylation. So, how
does one reconcile these two radically different effects into a unifying model? One
view is that the kinase-inactive form of WNK4 may act as an inhibitor at baseline,
holding NCC in an intracellular compartment via a mechanism that does not require
intact kinase activity (Subramanya and Ellison 2014; McCormick et al. 2008)
(Fig. 3.4a). Upon exposure to physiological factors that stimulate salt reabsorption
in the DCT, WNK4 is converted into an active state. This results in WNK4 kinase
domain activation and downstream SPAK and OSR1 phosphorylation, and loss of
the inhibitory effect (Fig. 3.4b). This would increase NCC phosphorylation and the
number of active NCC cotransporters expressed at the plasma membrane due to
enhanced forward trafficking. Studies utilizing RNA interference in DCT-derived
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cell lines that endogenously express SPAK, WNK4, and NCC provide evidence in
support of such a model (Ko et al. 2010, 2012).

3.6.2.2.2 WNK1

Unlike WNK4, early studies with L-WNK1 in the Xenopus oocyte expression
system were carried out with the original L-WNK1 cDNA, which was derived
from rat brain (Xu et al. 2000). Studies with this cDNA revealed no effect of
L-WNK1 on NCC activity or surface expression when it was coexpressed with the
cotransporter in oocytes. However, when WNK4, L-WNK1, and NCC were
co-expressed together, L-WNK1 associated with WNK4 and reversed its inhibitory
effect on NCC transport back to baseline levels (Yang et al. 2003). This effect was
not seen when either the kinase defective KS-WNK1 isoform or a kinase-dead
mutant of L-WNK1 was coexpressed with WNK4 and NCC, suggesting that intact
L-WNK1 kinase activity is required to suppress WNK4-mediated inhibition (Yang
et al. 2005; Subramanya et al. 2006). As expected, like the other WNKs, L-WNK1
can also stimulate SPAK/OSR1 activation by phosphorylating residues within the
SPAK and OSR1 kinase domains (Vitari et al. 2005). A more recent study that used
human L-WNK1 found a stimulatory effect on NCC in Xenopus oocytes, via SPAK/
OSR1 activation (Chavez-Canales et al. 2014). Collectively, these studies indicate
that L-WNK1 can activate SPAK and OSR1, and can also override the inhibitory
effect of WNK4 commonly seen in heterologous expression systems (Fig. 3.4b).

As mentioned above, DCT-localized KS-WNK1 isoforms do not contain a
functional kinase domain. They do, however, contain C-terminal coiled coil domains
that are important for interactions with other WNK gene products, including
L-WNK1 and WNK4 (Subramanya et al. 2006). Thus, KS-WNK1 appears to
function as a scaffold for other WNK kinases. Consistent with this, a recent study
showed that KS-WNK1 is required for WNK kinases to organize into large
membraneless punctate foci in the DCT. These structures, termed “WNK bodies,”
have been visualized in the setting of NCC activation by hypokalemia, aldosterone,
and in mouse models of FHHt (Boyd-Shiwarski et al. 2018). They have also been
visualized in SPAK and OSR1 knockout mice, where genetic ablation of SPAK and
OSR1 would be expected to result in upstream stimulation of WNK kinases to
enhance NCC activity. Though the functional role of WNK bodies is being eluci-
dated, this suggests that the formation of these structures is a signature of WNK
pathway activation.

Currently, there are conflicting data regarding the role of KS-WNK1 in NCC
regulation. KS-WNK1 contains an “autoinhibitory” region that suppresses L-WNK1
kinase activity in vitro (Subramanya et al. 2006), suggesting that it may function as
an inhibitory scaffold for WNK kinases. Consistent with this, early studies in
Xenopus oocytes suggested that KS-WNK1 blocks the ability of L-WNK1 to
activate NCC (Subramanya et al. 2006). These findings were supported by two
mouse models of KS-WNK1 inactivation (Hadchouel et al. 2010; Liu et al. 2011).
However, more recent studies have argued that KS-WNK1 can function as an NCC
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activator (Argaiz et al. 2018), a finding that would be consistent with the role of
KS-WNK1 in the formation of WNK bodies. Thus, though it is clear that KS-WNK1
is required for WNK body formation in the DCT, its precise role in NCC regulation
remains unresolved and an active area of investigation.

3.6.2.2.3 WNK3

Comparative studies of the WNK kinases indicate that WNK3 is a potent NCC
activator (Yang et al. 2007a; Rinehart et al. 2005) (Fig. 3.4b). In vitro, WNK3
stimulates NCC transport activity by enhancing its phosphorylation and surface
expression (Rinehart et al. 2005; Yang et al. 2007a; Chavez-Canales et al. 2014).
This effect can be blocked by KS-WNK1 (Yang et al. 2007a). Immunolocalization
studies in kidney have identified WNK3 in several segments of the renal tubule,
including the proximal tubule, Loop of Henle, DCT, and collecting duct (Rinehart
et al. 2005). Based on the strong stimulatory effects of WNK3 on NCC activity, and
its colocalization with NCC in the DCT, some have proposed that WNK3 may be a
critically important regulator of thiazide-sensitive NaCl reabsorption. This hypoth-
esis predicts that deleting WNK3 expression from the kidney should cause substan-
tial salt wasting. Surprisingly, however, WNK3 knockout mice do not have an
appreciable renal phenotype (Oi et al. 2012; Mederle et al. 2013). Although the
reason for this is not entirely clear, compensation by L-WNK1 may play a role, since
WNK1 mRNA is increased in WNK3 knockout mice relative to controls (Mederle
et al. 2013). These findings suggest a minor role for WNK3 in the control of NCC
activity in vivo.

3.6.3 NCC Dephosphorylation by Protein Phosphatases

Although much of the work on NCC phosphorylation has been centered on under-
standing how protein kinases stimulate NCC activity, a growing body of evidence
indicates that protein phosphatases inhibit NCC. Some of these phosphatases likely
directly remove phosphate groups from the NCC amino terminus, while others may
influence NCC phosphorylation status by inhibiting the WNK-SPAK/OSR1
pathway.

Early studies of the sodium-coupled SLC12 cotransporters indicated that inhib-
itors of the ubiquitously expressed protein phosphatase 1 (PP1) could suppress
NKCC1 activity through dephosphorylation (Darman and Forbush 2002; Lytle
and Forbush 1996). Indeed, PP1 also appears to play an important role in NCC
dephosphorylation, as one of its canonical inhibitors, PP1 inhibitor 1 (Ppp1r1a) is
highly coexpressed with the cotransporter in the DCT (Picard et al. 2014). The
deficiency of Ppp1r1a leads to a mild thiazide-sensitive salt-wasting phenotype. This
suggests that the absence of Ppp1r1a leads to enhanced PP1 activity and NCC
dephosphorylation. In 2010, Glover et al. identified PP4 as another phosphatase
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that is expressed in the DCT (Glover et al. 2010). The coexpression of PP4 with
NCC reduces its phosphorylation at threonine 60 and therefore decreases its trans-
port activity.

Protein phosphatase 3 (also known as calcineurin) was also recently identified as
a potential negative regulator of NCC activity. The calcineurin inhibitor tacrolimus
(FK506, “Prograf”) commonly causes hypertension, hyperkalemia, hypercalciuria,
and metabolic acidosis, despite normal glomerular filtration rate (GFR) (Hoorn et al.
2011). This constellation of findings is similar to the hypertension and hyperkalemia
seen in FHHt (Hadchouel et al. 2006; Mayan et al. 2002). In 2012, Hoorn and
colleagues showed that calcineurin inhibitors cause hypertension by activating
thiazide-sensitive NaCl cotransport in the kidney. The mechanism appears to be
directly related to an increase in NCC phosphorylation status. WNK4 abundance and
SPAK/OSR1 activation were also increased. These findings suggest that tacrolimus
may stimulate NCC activity through an indirect effect, possibly by preventing the
dephosphorylation and inactivation of WNK kinases.

3.7 NCC Endocytosis

NCC is removed from the plasma membrane by dynamin- and clathrin-dependent
endocytosis (Ko et al. 2010; Rosenbaek et al. 2014). Studies of overexpressed NCC
in MDCK renal epithelial cells indicate that the cotransporter can be constitutively
endocytosed, with one-third of the total NCC surface pool undergoing internaliza-
tion within 10 min; this endocytic rate is compatible with other kidney tubule-
expressed membrane proteins such as the epithelial sodium channel (ENaC)
(Butterworth et al. 2005). Clathrin-dependent endocytic retrieval of NCC is associ-
ated with increased cotransporter ubiquitylation and routing to the lysosomal path-
way (Rosenbaek et al. 2014). While some groups have reported that endocytosed
NCC undergoes polyubiquitylation (Ko et al. 2010), others have reported that the
endocytosed ubiquitylated cotransporter migrates at molecular mass similar to
monomeric NCC, suggesting oligo- or monoubiquitylation (Rosenbaek et al.
2014). Endocytosis of NCC is dependent on the phosphorylation status of the
protein, since phosphorylation at threonines 55, 60, and 73 stabilize NCC surface
expression by slowing the rate of endocytosis (Rosenbaek et al. 2014; Yang et al.
2013). This, in turn, is associated with decreased NCC ubiquitylation. Ubiquitylation
of the surface NCC pool is mediated by the aldosterone-regulated E3 ubiquitin ligase
Nedd4-2 (Ronzaud et al. 2013; Arroyo et al. 2011), though other currently
unidentified E3 ubiquitin ligases also probably participate in this process.

Treatment of cultured mDCT cells with the diacylglycerol analog 12-O-
tetradecanoylphorbol-13-acetate (TPA) inhibits NCC by stimulating its endocytosis
and ubiquitylation (Ko et al. 2010). Although TPA is classically used in the
laboratory to activate protein kinase C (PKC), the effect appeared to be unrelated
to this kinase, since PKC blockers did not reverse the inhibitory effect of TPA.
Instead, the alternative TPA target Ras guanyl-releasing protein 1 (RasGRP1) was
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the primary mediator of NCC inhibition (Ko et al. 2007). The MAP kinase ERK1/2
may act downstream of RasGRP1 to trigger NCC endocytosis (Ko et al. 2010).

3.8 Mendelian Disorders of NCC Dysfunction

3.8.1 Gitelman Syndrome

In 1996, Simon et al. reported that mutations in the SLC12A3 gene encoding NCC
cause Gitelman syndrome, an autosomal recessive salt wasting disorder (Simon et al.
1996). Patients may be hypotensive, but often have normal blood pressures, since the
urinary salt wasting is offset by hyperreninemia and upregulation of the renin–
angiotensin system. Hypokalemia and hypomagnesemia, however, are always seen
in the disorder. Other manifestations include hypocalciuria and metabolic alkalosis.
Thus, the overall phenotype of Gitelman syndrome is similar to the constellation of
findings seen in patients taking thiazide diuretics.

Since the initial linkage of NCC to Gitelman syndrome, hundreds of disease-
causing mutations have been identified. These mutations are generally scattered
throughout the NCC protein, with a slight clustering of lesions in the intracellular
C-terminus. In vitro analyses indicate that mutations that cause the disorder gener-
ally promote NCC misfolding (Kunchaparty et al. 1999). These so-called “Class 2”
mutations cause the NCC to be retained in the endoplasmic reticulum and targeted
for ERAD (Ellison 2003). Consistent with this finding, a recent study found that
Gitelman mutations localized to the NCC C-terminus cause the cotransporter to
interact strongly with a molecular chaperone complex containing Hsp70, Hsp40, and
the cochaperone/E3 ubiquitin ligase CHIP (Donnelly et al. 2013). On the other hand,
some mutations that cause Gitelman syndrome do not affect the biosynthetic
processing of NCC; cotransporters with these “Class 1” mutations appear to be
processed normally and traffic to the plasma membrane without difficulty (Sabath
et al. 2004; Riveira-Munoz et al. 2007; Ellison 2003).

In 2007, a study by Ji et al. suggested that mutations of NCC that are associated
with Gitelman syndrome play an important role in determining susceptibility to
essential hypertension (Ji et al. 2008). Based on the prevalence of Gitelman Syn-
drome, about 1% of the general population should be heterozygous for the disorder.
On average, individuals in a large study population who were carriers of a loss of
function NCC variant had a systolic blood pressure that was 6.3 mmHg lower
throughout life, compared with individuals who had two wild type copies of NCC.
Thus, the carrier state for Gitelman syndrome conferred lifelong protection from the
development of hypertension (Acuna et al. 2011; Subramanya and Welling 2011).
As the cost of next-generation sequencing technology continues to drop, one could
imagine that screening for these mutations in normotensive individuals could pro-
vide information about the risk of developing hypertension over time.
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3.8.2 Familial Hyperkalemic Hypertension

Familial Hyperkalemic Hypertension (FHHt) is a rare Mendelian syndrome featur-
ing the unusual triad of chloride-dependent hypertension, severe hyperkalemia, and
normal glomerular filtration rate. The disease was initially described by Paver and
Pauline in the 1960s (Paver and Pauline 1964), and later by Gordon (Gordon 1986).
For years, the disease was known as “Gordon Syndrome” or
“Pseudohypoaldosteronism Type II,” although more recently, some have elected to
rename the syndrome “FHHt” (Yang et al. 2005; Hadchouel et al. 2006). The
chloride-dependent hypertension and hyperkalemia can be cured by low doses of
thiazide diuretics (Mayan et al. 2002). Those familiar with the syndrome immedi-
ately recognized that its constellation of findings is essentially a “mirror image” of
Gitelman syndrome (Hadchouel et al. 2006). A natural conclusion, then, was that
gain-of-function mutations of NCC should be linked to the disease. Candidate gene
approaches, however, indicated that this was not the case, as targeted sequencing of
the SLC12A3 gene revealed no mutations (David Ellison, personal communication).

In 2001, Wilson et al. linked mutations in WNK1 and WNK4 to FHHt (Wilson
et al. 2001). Although mutations in WNK kinases were the first to be implicated in
the pathogenesis of FHHt, they only account for a minority of families affected by
the disorder. As mentioned above, most FHHt affecteds harbor mutations in the
genes encoding the E3 ubiquitin ligase CUL3 and its adaptor, KLHL3 (Boyden et al.
2012). These two proteins participate in a protein complex that degrades WNK1 and
WNK4. Recent studies from several laboratories show that CUL3 covalently
attaches ubiquitin molecules to WNK1 and WNK4, marking them for disposal
(Shibata et al. 2013; Ohta et al. 2013). In order to do so, KLHL3 must be present,
since it connects CUL3 to the WNKs.

An elaborate interrelationship between WNK1, WNK4, and the KLHL3/CUL3
complex underlies the pathogenesis of FHHt. FHHt-causing mutations in WNK4 are
missense mutations that reduce WNK4 binding to KLHL3 (Shibata et al. 2013).
Total WNK4 expression is, therefore, increased in patients who have these muta-
tions. Disease-causing WNK4 mutants can phosphorylate SPAK and OSR1, and
enhance NCC trafficking to the plasma membrane relative to the wild type protein
(Yang et al. 2007b). Thus, increased mutant WNK4 protein expression causes NCC
overactivation. FHHt mutations in WNK1 are intron deletions that do not alter the
kinase’s protein structure. Instead, these mutations increase total WNK1 mRNA and
protein expression (Wilson et al. 2001). The increased protein expression probably
overrides ubiquitination and degradation by the KLHL3/CUL3 complex, and the net
effect of the mutation is to increase total L-WNK1 kinase activity (Vidal-Petiot et al.
2013). Thus, in FHHt caused by mutations in WNK1, increased L-WNK1 protein
expression should suppress the inhibitory effect of WNK4 on NCC traffic while
stimulating SPAK and OSR1, causing NCC to be overactive.

FHHt-associated mutations in KLHL3 reduce the binding of the CUL3–KLHL3
complex to WNK1 and WNK4 (Shibata et al. 2013; Ohta et al. 2013; Wakabayashi
et al. 2013). Thus, mutations in KLHL3 diminish the amount of CUL3-mediated
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WNK1 and WNK4 degradation. This increases WNK1 and WNK4 abundance,
resulting in enhanced WNK-dependent signaling and NCC activation. Mutations
in cullin-3 always cause skipping of an exon, resulting in an in-frame deletion
(Boyden et al. 2012; Glover et al. 2014). Recent studies indicate that this specific
mutation causes autocatalytic degradation of the KLHL3/CUL3 complex, reducing
the number of available circulating E3 ubiquitin ligase complexes, thereby increas-
ing WNK4 and WNK1 abundance (McCormick et al. 2014).

3.9 Physiologic Regulation of NCC

The discovery of the WNK-SPAK/OSR1 signaling pathway and the advent of new
tools to study NCC function, including cell lines, genetically modified mice, and
phosphospecific antibodies, has led to a number of fascinating insights into the
underlying mechanisms that regulate NCC activity. This section summarizes the
current understanding of the molecular bases of physiologic NCC regulation.

3.9.1 Regulation by Intracellular Chloride

SLC12 cation–chloride cotransporters are important regulators of intracellular chlo-
ride concentration (Gamba 2005). Studies examining the effect of chloride on
NKCC1 activity found that intracellular Cl� depletion increases NKCC1 activity
(Flatman 2002). The stimulatory effect of chloride depletion on NKCC1 appears to
be more than a consequence of generating a simple chemical gradient. Intracellular
chloride depletion stimulates phosphorylation of the sodium-coupled SLC12
cotransporters at the same residues that are phosphorylated by SPAK and OSR1
(Richardson et al. 2008). Moreover, as described above, WNK kinases are chloride
sensors that are activated by chloride depletion (Piala et al. 2014). Thus, the
WNK-SPAK/OSR1 pathway represents an important intracellular signaling mecha-
nism that responds to changes in intracellular Cl� levels to activate NaCl influx via
these electroneutral cotransporters. NCC is activated by intracellular chloride deple-
tion in a manner identical to NKCC1 (Pacheco-Alvarez et al. 2006). In Xenopus
oocytes and mammalian cells, preincubating cells expressing NCC with chloride-
free solutions strongly activates NCC transport activity by stimulating amino-
terminal phosphorylation at canonical SPAK/OSR1 target sites (Pacheco-Alvarez
et al. 2006; Leaphart et al. 2008). Recently, the chloride sensing function of WNK4
was verified to be critically important in the in vivo regulation of NCC activity in the
DCT (Chen et al. 2019).
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3.9.2 Regulation by Extracellular Potassium

NCC activity is exquisitely sensitive to changes in the concentration of extracellular
K+. Hyperkalemia has been shown to be a potent NCC inhibitor, while hypokalemia
activates NCC (Vallon et al. 2009; McDonough and Youn 2013; Rengarajan et al.
2014). Potassium predominantly affects NCC phosphorylation status. Within
minutes of ingesting a high potassium load, rodents develop a natriuresis that is
accompanied by rapid NCC dephosphorylation at the canonical SPAK/OSR1 phos-
phorylation sites (Sorensen et al. 2013). Conversely, hypokalemia appears to
strongly trigger NCC phosphorylation at those same sites (Vallon et al. 2009). In
both cases, the effects of potassium can occur independently of aldosterone action.
The inverse relationship between potassium and NCC phosphorylation status is
linear within the physiological range of plasma potassium levels (Terker et al.
2016). This indicates the DCT functions as a potassium sensor that controls luminal
NaCl concentrations (and downstream Na+-dependent collecting duct potassium
secretion) via changes in NCC activity (Ellison and Terker 2015).

Extracellular potassium regulates NCC by altering the basolateral conductance of
the DCT (Terker et al. 2015). This affects the chloride-dependent activity of the
WNK-SPAK/OSR1 signaling pathway. Consider, for example, the physiological
alterations seen during hyperkalemia. A high extracellular K+ concentration in the
blood causes the basolateral membrane of the DCT to become depolarized (Brown
1991). This decreased negativity of the cell membrane potential diminishes Cl� exit
via the basolateral DCT chloride channel ClC-Kb, raising the intracellular chloride
concentration (Zhang et al. 2014). As described above, the corresponding increase in
intracellular Cl� suppresses WNK kinase autoactivation (Piala et al. 2014), resulting
in reduced downstream SPAK/OSR1 and NCC activity. Supporting this concept,
recent studies have shown that knockout mice lacking the major K+ channel medi-
ating basolateral K+ conductance in the DCT, KCNJ10 (Kir4.1), exhibit reduced
NCC activity caused by depolarization of the DCT membrane potential and a
corresponding increase in intracellular chloride, which inhibits SPAK and OSR1
(Zhang et al. 2014).

3.9.3 Luminal NaCl Delivery

NCC-mediated NaCl reabsorption in the DCT is dependent on the delivered load of
NaCl (Khuri et al. 1975). The DCT responds to chronic increases in the delivery of
NaCl with an increase in the capacity for NaCl cotransport, as well as marked
ultrastructural changes in the DCT cell. These morphologic changes include an
increase in the size of DCT cells, increased basolateral membrane surface area,
and an increase in DCT mitochondrial mass (Ellison et al. 1989). Accompanying the
functional and morphologic changes are an increase in basolateral a Na+/K+-ATPase
activity, and an increase in thiazide-binding sites (Chen et al. 1990). It is not clear if
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these changes are due to transcriptional or post-translational effects on NCC expres-
sion, although they do appear to be a consequence of increased sodium entry into the
DCT. Inhibition of NaCl entry into DCT cells with chronic thiazide treatment
resulted in a loss of cell height, and polarity, and triggered apoptosis (Morsing
et al. 1991). The cellular mechanisms whereby NaCl entry affects NCC transport
function and DCT morphology are currently not known.

3.9.4 Hormonal Regulation of NCC

3.9.4.1 Angiotensin II

The peptide hormone angiotensin II (AngII) plays a critically important role in blood
pressure homeostasis and tubular salt handling. Ang II has dual effects on NCC
trafficking and phosphorylation. Infusion of AngII into animals causes the
cotransporter to traffic from intracellular vesicles to the plasma membrane, while
the treatment of rodents with angiotensin-converting enzyme (ACE) inhibitors
redistributes NCC to intracellular vesicles (Sandberg et al. 2007). The surface-
expressed cotransporter appears to be highly phosphorylated, based on
immunolocalization studies and biochemical inquiry of the aforementioned canon-
ical SPAK/OSR1 phosphorylation sites. The WNK-SPAK/OSR1 pathway mediates
these effects, as the stimulatory effects of angiotensin II are associated with SPAK
and OSR1 activation (Talati et al. 2010). Moreover, in vitro and in vivo experiments
implicate WNK4 as being critically important (Castaneda-Bueno and Gamba 2012;
San-Cristobal et al. 2009). Studies in the Xenopus oocyte system suggest that AngII
converts WNK4 from its inhibitory state into a SPAK/OSR1-dependent NCC
activator, and NCC expression and phosphorylation are unaffected by AngII infu-
sion in WNK4 knockout mice. NCC stimulation could be seen in adrenalectomized
animals, suggesting that the AngII effect occurred independently of aldosterone (van
der Lubbe et al. 2011).

The classic view of the renin–angiotensin system is that it functions as a whole-
body blood pressure and volume control mechanism that acts through the concerted
effects of multiple organs (Guyton 1991). Renin released from the kidney triggers
the conversion of liver-derived angiotensinogen to angiotensin I, which in turn is
converted to AngII by lung-expressed ACE (Atlas 2007). However, it is clear that an
intrarenal renin–angiotensin system also exists within the kidney, and that this
system is critically important for the effects of AngII on renal hemodynamics
(Navar and Rosivall 1984). This intrinsic system has important effects on the activity
of NCC since the kidney-specific ablation of intrarenal ACE decreases NCC activity
and phosphorylation (Gonzalez-Villalobos et al. 2013).
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3.9.4.2 Adrenal Steroids

Current evidence indicates that adrenal steroid hormones stimulate NCC-mediated
NaCl cotransport. The presence of both mineralocorticoid and glucocorticoid recep-
tors in the DCT has been demonstrated by immunohistochemistry and by hormone
binding experiments (Farman and Bonvalet 1983; Farman et al. 1991). Although
mineralocorticoid receptors are expressed throughout the entire DCT, only the “late”
portion of this segment (also known as the DCT2) expresses the steroid metabolizing
enzyme 11-β-hydroxysteroid dehydrogenase 2 (11-βHSD2) (Velazquez et al. 1998;
Bostanjoglo et al. 1998). This enzyme metabolizes cortisol to the inactive metabolite
cortisone, thereby preventing circulating glucocorticoids from binding to mineralo-
corticoid receptors expressed in the DCT2. Because the mineralocorticoid receptors
in the DCT2 can only be occupied by aldosterone, the DCT2 is highly sensitive to
changes in circulating aldosterone levels.

Early studies by Chen and Fanestil (Chen et al. 1994a), Velazquez et al. (1995),
and Kim et al. (1998) collectively demonstrated that aldosterone increases total NCC
protein abundance without affects its mRNA expression, indicating that mineralo-
corticoids stimulate NCC activity through post-translational mechanisms. More
recently, McDonough (Sandberg et al. 2006) showed that mineralocorticoid receptor
blockade decreases NCC trafficking to the plasma membrane while simultaneously
increasing its accumulation in lysosomes. Thus, one way in which aldosterone can
increase NCC activity is by enhancing its expression at the plasma membrane. The
molecular mechanism likely involves the serum and glucocorticoid regulated kinase,
SGK1. The transcription of this serine–threonine kinase is upregulated in response to
aldosterone binding to the mineralocorticoid receptor (Pearce 2001). The active form
of SGK1 has been reported to regulate NCC trafficking via two mechanisms. First, in
in vitro systems, SGK1 can reverse the inhibitory effect of overexpressed WNK4 on
NCC delivery to the plasma membrane (Rozansky et al. 2009). Second, SGK1
phosphorylates and inactivates Nedd4-2, an E3 ubiquitin ligase which ubiquitylates
and negatively regulates NCC surface expression (Arroyo et al. 2011). Although the
first of these two findings has only been shown in the Xenopus oocyte expression
system (Rozansky et al. 2009), the in vitro inhibitory effect of Nedd4–2 on NCC has
been verified in mouse models (Arroyo et al. 2011; Ronzaud et al. 2013).

Aldosterone also appears to stimulate NCC transport activity by promoting NCC
phosphorylation. Chiga et al. (2008) showed that NCC phosphorylation is dynam-
ically regulated by adjustments in dietary NaCl intake and that this effect is at least
partially dependent on the mineralocorticoid receptor (MR). Vallon et al. echoed
these findings 1 year later (Vallon et al. 2009). In both reports, careful measurements
of NCC abundance demonstrated enhanced NCC phosphorylation at all of its
canonical SPAK/OSR1 phosphorylation residues. Consistent with this, aldosterone
increased SPAK and OSR1 activation in a mineralocorticoid receptor-dependent
manner (Chiga et al. 2008). A study by van der Lubbe and colleagues (van der Lubbe
et al. 2012) implicated WNK4 as a mediator of the stimulatory effect of aldosterone
on SPAK/OSR1 and NCC phosphorylation, though other WNK kinases expressed in
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the DCT may also be involved. Indeed, the E3 ubiquitin ligase Nedd4-2 binds to and
ubiquitylates WNK1, and that this process is blocked by aldosterone, leading to an
increase in WNK1 abundance in the DCT, providing a potential mechanism by
which mineralocorticoids might augment NCC phosphorylation status (Roy et al.
2015). A more rapid and complex signal for aldosterone action involving cAMP,
IP3, GPR30, and EGF Receptor-dependent networks was also recently described
(Cheng et al. 2019).

Glucocorticoids such as dexamethasone increase thiazide-sensitive NaCl trans-
port and increase the number of metolazone binding sites in the kidneys of adrenal-
ectomized rodents (Chen et al. 1994a). This strongly suggests that glucocorticoids
stimulate NCC-mediated salt transport in the DCT. The DCT1 may be the more
relevant site of action of glucocorticoids, since, as mentioned above, the levels of
active cortisol in the DCT2 should be relatively low due to its metabolism by
11β-HSD (Bostanjoglo et al. 1998). The WNK-SPAK/OSR1 pathway is expressed
in both DCT1 and DCT2; thus, many of the same players involved in mineralocor-
ticoid receptor-dependent regulation of NCC are likely involved. Although NCC
overactivity may participate in the salt-sensitive hypertension seen in disorders of
cortisol excess such as Cushing’s syndrome, the role of glucocorticoids in the
physiological regulation of Na+ transport in the DCT remains understudied.

3.9.4.3 Gonadal Steroids and NCC

Gonadal steroid hormones may also influence NaCl cotransport in the DCT. Chen
et al. (1994b) reported gender differences in the density of thiazide binding sites, and
in the natriuretic response of thiazides in rodents. Specifically, female rats had higher
levels of “thiazide receptors” in the renal cortex than males. The number of thiazide-
binding sites decreased following ovariectomy, while levels in males rose following
orchiectomy. Consistent with these results, Verlander et al. found that estradiol
treatments increased NCC expression in the DCT (Verlander et al. 1998). Collec-
tively, these results are consistent with the view that male sex hormones (e.g.,
testosterone) may downregulate NCC expression and salt transport, while estrogens
increase NCC expression and salt transport in the DCT. The physiological relevance
of these findings with respect to human hypertension is currently unclear, as no clear
gender difference in the response of humans to thiazide diuretics has been
established.

3.9.4.4 Vasopressin

Recent work indicates that vasopressin is a potent NCC activator (Gamba 2010). The
vasopressin analog deamino-Cys-1, d-Arg-8 vasopressin (dDAVP) triggers an
increase in NCC abundance, trafficking to the plasma membrane, and activation
through SPAK/OSR1-mediated phosphorylation of its amino terminus (Saritas et al.
2013; Mutig et al. 2010; Pedersen et al. 2010). The effect probably requires cyclic
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AMP and protein kinase A (PKA), well-established intermediaries of vasopressin-
dependent signaling (Nedvetsky et al. 2009). The effect on NCC abundance may be
a Nedd4–2-dependent process, since PKA can phosphorylate and inactivate
Nedd4–2 through mechanisms similar to SGK1 (Snyder et al. 2004); however, this
hypothesis is yet to be tested.

3.9.4.5 Insulin

One of the first studies suggesting a potential link between insulin and NCC was
performed by Bickel et al., who noted that insulin-resistant obese Zucker rats retain
salt and exhibit increased NCC abundance (Bickel et al. 2001). Subsequent studies
confirmed that NCC is hyperphosphorylated in these animals, caused by an increase
in total SPAK/OSR1 activity (Komers et al. 2012; (Chavez-Canales et al. 2013).
Similar results were noted in another model of type 2 diabetes, the leptin receptor-
deficient db/db mouse. Crossing db/db mice with SPAK/OSR1 catalytically inactive
“T-loop” knock-in mice that cannot be activated by WNKs, the stimulatory effect of
insulin on NCC was completely abrogated (Nishida et al. 2012). This indicates that
insulin activates NCC via the WNK-SPAK/OSR1 pathway. Although it seems clear
that SPAK/OSR1 is the key downstream mediator of NCC stimulation, there have
been conflicting data with regards to which of the upstream WNK kinases mediate
the effect. Data from Chavez-Canales et al. (2013) suggest that WNK3 is required
for insulin to stimulate NCC activity, while studies by Sohara et al. (2011) and
Takahashi et al. (2014) provide evidence that WNK4 is the dominant WNK kinase
that mediates the effect. The phosphoinositol 3-kinase/-mTORC2-Akt pathway
transduces the upstream signal from insulin receptors to the WNK-SPAK/OSR1
network (Nishida et al. 2012; Chavez-Canales et al. 2013).

3.10 Concluding Remarks

Although interest in the thiazide-sensitive cotransporter had only been modest for
years, exciting genetic studies, the discovery of key NCC regulators, and the advent
of tools to biochemically monitor NCC activation status have yielded an explosion
of new insights into its role in physiology. Furthermore, the recent linkage of
KLHL3 and CUL3 to FHHt, as well as the generation of new genetic models to
study the WNK-SPAK/OSR1 pathway has opened up new and important questions
and avenues of investigation. As the underlying molecular wiring that connects
important blood pressure, potassium, and volume control systems to NCC in the
DCT is elucidated further, perhaps new targets for the treatment of clinical disorders
such as salt-sensitive hypertension, hyperkalemia, edema, and nephrolithiasis will be
established.
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