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Abstract The thiazide-sensitive NaCl cotransporter (NCC)
plays key roles in renal electrolyte transport and blood
pressure maintenance. Regulation of this cotransporter has
received increased attention recently, prompted by the
discovery that mutations in the with-no-lysine (WNK)
kinases are the molecular explanation for pseudohypoal-
dosteronism type II (PHAII). Studies suggest that WNK4
regulates NCC via two distinct pathways, depending on its
state of activation. Furthermore, an intact STE20-related
proline—alanine-rich kinase (SPAK)/oxidative stress re-
sponse 1 kinase (OSR1) pathway was found to be necessary
for a WNK4 PHAII mutation to increase NCC phosphor-
ylation and blood pressure in mice. The mouse protein 25
is a novel regulator of the SPAK/OSR1 kinase family,
which greatly increases their activity. The phosphorylation
status of NCC and the WNK is regulated by the serum- and
glucocorticoid-inducible kinase 1, suggesting novel mech-
anisms whereby aldosterone modulates NCC activity.
Dephosphorylation of NCC by protein phosphatase 4
strongly influences the activity of the cotransporter,
confirming an important role for NCC phosphorylation.
Finally, y-adducin increases NCC activity. This stimulatory
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effect is dependent on the phosphorylation status of the
cotransporter. y-Adducin only binds the dephosphorylated
cotransporter, suggesting that phosphorylation of NCC
causes the dissociation of y-adducin. Since y-adducin is
not a kinase, it is tempting to speculate that the protein
exerts its function by acting as a scaffold between the
dephosphorylated cotransporter and the regulatory kinase.
As more molecular regulators of NCC are identified, the
system-controlling NCC activity is becoming increasingly
complex. This intricacy confers an ability to integrate a
variety of stimuli, thereby regulating NCC transport activity
and ultimately blood pressure.

Keywords Kidney- Membrane transport - Renal function -
Sodium excretion - Sodium transport

Introduction

Studies of electrolyte transport within the renal distal
convoluted tubule (DCT) led to the identification of a
thiazide-sensitive component that permits vectorial NaCl
cotransport. The thiazide-sensitive NaCl cotransporter
(NCC) was subsequently cloned from the urinary bladder
of the winter flounder, Pseudopleuronectes americanus
[16]. Gitelman’s syndrome is an autosomal recessive salt-
losing disorder characterized by hypokalemic metabolic
alkalosis, hypomagnesemia, and hypocalciuria [20, 43].
Genetic mapping studies in patients with Gitelman’s
syndrome revealed that the defect was the result of
mutations in the SLCI243 gene, which encodes NCC
[43]. Later studies led to the discovery of an intricate kinase
network that regulates the function of NCC by modifying
the phosphorylation level, trafficking, and lysosomal sort-
ing of the protein. These discoveries were initially
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prompted by the genetic mapping of patients suffering from
an autosomal dominant disorder associated with hyperten-
sion, namely pseudohypoaldosteronism type II (PHAII,
also known as Gordon syndrome) [48].

Subsequent studies have shown that NCC plays a critical
role in renal NaCl transport and blood pressure mainte-
nance. Thiazides, the pharmacological inhibitor of NCC,
remain one of the most effective and prescribed drugs in the
treatment of hypertension. As such, knowledge regarding
the regulation of NCC is a critical step in understanding the
development and underlying pathogenesis of hypertension.
This article aims to review the discovery of novel factors
that regulate the cotransporter. These proteins appear to act
as members of a cellular network that relay and integrate
signals to alter NCC function and, consequently, blood
pressure.

Mechanisms of NCC regulation

The majority of studies on NCC function have been
conducted in the Xenopus laevis oocyte expression system.
Injection of cRNA-encoding NCC into oocytes generates a
stable and reproducible thiazide-sensitive uptake of **Na”.
The results are less consistent when mammalian cell
systems are employed. Several groups have reported
thiazide-sensitive **Na* uptake in mammalian cell lines
expressing NCC, while others have failed to do so. For this
reason, many still utilize the oocyte expression system to
study NCC activity. The results obtained in the oocyte as
well as mammalian cell systems are often in line with those
obtained in vivo and thus suggest that these cellular models
can be used to study NCC function. As will be evident in
this review, the network of auxiliary proteins regulating
NCC is expanding rapidly. Whether or not all members of
this regulatory network are present in these cell models, it is
uncertain and must be taken into account when analyzing
the responses of the system.

NCC can be regulated in a variety of ways including:
changes in expression, trafficking, and phosphorylation.
These processes all ultimately affect the net flow of NaCl
across the DCT. Transcriptional regulation leading to changes
in NCC abundance occurs after hormonal stimuli and is often
thought of as a chronic adaptation to various alterations in the
total body NaCl balance. More rapid regulatory processes
include changes in trafficking and phosphorylation of the
cotransporter. The amino N-terminal domain of NCC contains
several phosphorylation sites (including Thr*®, Thr>®, Thr®,
Ser”?, and Ser’' in human NCC), quite a few of which are
conserved among members of the SLC12 family [8, 18, 19,
34, 37] (Fig. 1). Although the understanding of the
individual contributions of each phosphorylation site is
incomplete, several observations have suggested that phos-
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phorylation of these residues, especially that of Thr®, is
critically important for the activation of NCC. When several
of the N-terminal phosphorylation sites in NCC [9, 34] or
Thr® alone [21] is converted to constitutively inactive sites
by substitutions to alanine, the transport activity of NCC is
markedly decreased in the X. laevis expression system.
Interestingly, the process seems to occur without altering
membrane localization. This observation infers that phos-
phorylation at these sites is important for intrinsic activity of
the cotransporter [21, 34]. Furthermore, while increasing the
phosphorylation status of the cotransporter by incubating
NCC-expressing oocytes in hypotonic, low Cl -containing
media increases transport activity without changing mem-
brane abundance of the protein [34]. Studies in human
embryonic kidney cells further demonstrate that mutation of
Thr®® specifically prevents the phosphorylation of several of
the other N-terminal residues and coincides with a reduction
in thiazide-sensitive Na" transport. This likely explains why
individuals with a mutation in the Thr® phosphorylation site
(converted to methionine) present with Gitelman’s syndrome
[29]. Moreover, it highlights the fact that intact NCC
phosphorylation sites are necessary for renal NaCl reabsorp-
tion and the maintenance of blood pressure. Interestingly,
while phosphorylation of the N-terminal residues in NCC
seems dissociated from trafficking in the oocyte, studies
suggest that the phosphorylated cotransporter is found only
in the apical membrane of the DCT cell in rat [35]. These
observations could indicate that phosphorylation of NCC at
the N terminus only occurs when the cotransporter is
anchored in the plasma membrane. Several novel phosphor-
ylation sites including Ser'** (rat, equivalent to Ser'?® in
human NCC) and Ser®'' in NCC have recently been
identified; however at the present time, no function has been
assigned to these residues [12, 23] (Fig. 1).

In addition to phosphorylation, trafficking of NCC from
subapical vesicles to the plasma membrane may also be an
important factor in regulating NaCl cotransport in the DCT.
Although several of the N-terminal phosphorylation sites
appear to regulate transport independently of changes in the
subcellular localization of NCC, it remains unclear whether
the trafficking process is dependent on phosphorylation of
other sites within the cotransporter. Rapid alterations in
membrane expression of NCC are seen after angiotensin II
infusion in rats, which provokes movement of the cotrans-
porter into the apical plasma membrane from subapical
vesicles [41].

The WNK kinase family

The WNK family of serine—threonine kinases has a
characteristic displacement of a catalytic lysine residue
necessary for ATP binding, hence the name with-no-k
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Fig. 1 Schematic diagram of human NCC, depicting the various
phosphorylation sites within the cotransporter. Please note that Ser'?®
has not been described in human NCC, but has been identified as Ser'>*

(lysine) [46, 50]. The role of the WNK family in the
maintenance of ambient blood pressure has been firmly
established. PHAII patients have defects in either the
WNKI or WNK4 genes and suffer from increased renal
reabsorption of NaCl and consequently elevated arterial
pressure [24, 48]. Specifically, autosomal dominant muta-
tions in the WNK4 gene or intronic deletions of the WNK1
gene (that massively increase its transcript) are responsible
for PHAII [48].

Thiazide diuretics are known to normalize blood
pressure and correct electrolyte abnormalities when admin-
istered to PHAII patients [10], implicating a prominent role
for NCC in this disease. WNK4 has subsequently been
found to inhibit NCC transport by reducing plasma
membrane abundance of the cotransporter in the oocyte
expression system [49, 53]. Recent studies have shown that
WNK4 inhibits NCC activity by diverting the cotransporter
to the lysosomal compartment during forward trafficking.
This likely occurs via a sortilin-dependent mechanism [44,
59] (Fig. 2a). The inhibitory effect of WNK4 occurs
independently of NCC phosphorylation of Thr’® (equiva-
lent to Thr® in humans), which is important for NCC
activity [21, 22]. Loss-of-function mutations in WNK4
have been the suggested molecular mechanism of PHAIL
Here, mutations in WNK4 increase NCC abundance by
reverting the inhibitory effect on lysosomal shuttling of

v,

Plasma membrane

in rat NCC. In addition, binding sites for the SPAK/OSR1 kinases as
well as the y-adducin-binding region are indicated in the figure

NCC (Fig. 2b). One PHAIll-causing mutation in WNK4
(Q562E) reduced the inhibitory effect of WNK4 on NCC
activity and trafficking [49, 53]. However, in the same
study, several other PHAII-causing mutations of WNK4
failed to inhibit the activity of the cotransporter [53].
Contrasting these observations is the finding that WNK4
stimulates N-terminal phosphorylation and hence activity of
NCC in the same cellular systems. This occurs via WNK4-
dependent activation of the STE20 family of serine/threonine
kinases, namely the STE20-related proline—alanine-rich ki-
nase (SPAK) and oxidative stress response 1 kinase (OSR1)
[47]. Additionally, angiotensin II increases NCC activity in
the Xenopus oocyte system, but only in the presence of
WNKA4. This stimulatory effect of angiotensin I on NCC is
dependent on SPAK activation and coincides with increased
phosphorylation of the cotransporter [40] (Fig. 3a). More-
over, this study could not detect any additional stimulatory
effect of angiotensin II on NCC activity when a PHAII
mutant of WNK4 was expressed, suggesting that the mutated
WNK4 was already in an activated state [40]. The positive
effect of WNK4 on NCC activity may be due to an elevation
of intracellular Ca®*, which is released after angiotensin II
application. San-Cristobal et al., the authors of this study,
highlighted the fact that PHAII mutations in WNK4 are
situated in a negatively charged domain of the WNK4
protein. This part of WNK4 bears some similarity to a Ca*'-
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Fig. 2 The “inhibitory” pathway of WNK4. a WNK4 diverts NCC to
the lysosomal compartment during forward trafficking of the
cotransporter to the plasma membrane. WNK3 interacts with
WNK4, potentially preventing the WNK4-induced shuttling of NCC
to the lysosome. WNKI also inhibits WNK4 by interacting with the
protein. In addition, WNKI1-KS acts by inhibiting WNKI, thereby
releasing WNK1’s inhibition on WNK4, thus increasing the inhibitory
effect of WNK4 upon NCC. b Potential mechanism by which loss-of-

binding EF hand domain. Thus, it is suggested that PHAII
mutations in this domain may switch WNK4 into an active
state, thereby stimulating the SPAK and OSRI kinases to
phosphorylate NCC and subsequently causing the PHAII
phenotype (Fig. 3b).

Studies directed at understanding the effect of WNK4 on
NCC function in these cellular systems seem contradictory.
However, the studies can be reconciled if both the inhibitory
and stimulatory pathways coexist within the cell. Thus,
WNK4 may act as a potent stimulator or inhibitor of NCC,
depending on its state of activation. Without adequate
stimulation, WNK4 is likely to be inhibitory, shuttling NCC
into lysosomes and reducing transport activity by doing so.
However, in the presence of stimuli (such as angiotensin II),
WNK4 will increase NCC transport via activation of the
SPAK/OSR1 pathway. Although not yet described, there may
also be factors that switch WNK4 in the opposite direction,
thereby favoring the inhibitory pathway. A better understand-
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function mutations in WNK4 leads to PHAII. Loss-of-function
mutations in WNK4 reduce the ability of the kinase to shuttle NCC
to the lysosomes during forward trafficking, thereby increasing the
abundance of the cotransporter in the apical plasma membrane. ¢ An
increase in the WNKI protein occurs due to intronic deletion in its
gene. Increased expression of WNKI in this “inhibitory” pathway
would lead to a marked inhibition of WNK4, thus increasing NCC
membrane abundance and thereby causing PHAII

ing of the factors that are involved in changing WNK4’s state
of activation will be important to our understanding of NCC
biology. The biphasic effects of WNK4 may also help explain
why in vivo experiments using mice with a genetically
modified WNK4 pathway can yield conflicting results.
Hypomorphic mice with a targeted deletion of exon 7 in the
Wnk4 gene have a partially functional WNK4. The hypo-
morphic strain presented with a lower blood pressure and
increased NaCl excretion during dietary salt restriction, as
well as reduced NCC phosphorylation [33]. These observa-
tions infer that WNK4 is predominantly stimulatory under
basal conditions in vivo. This also raises the question whether
PHAII occurs as the result of loss-of-function or gain-of-
function mutations in WNK4. In transgenic knock-in mice
with a PHAII-mutated Wnk4 gene (D561A), there is increased
phosphorylation of NCC, suggesting that the SPAK/OSRI1
pathway is activated [54]. Recent data from Chiga et al.,
utilizing triple knock-in mice strains with a PHAIl-mutated
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Fig. 3 The “stimulatory” pathway of WNK4. a Activation of WNK4 by
angiotensin II potentially occurring via elevations in intracellular Ca*".
In this state, WNK4 stimulates the SPAK/OSR1 pathway. CI -depletion
and K*-depletion activates WNK1, thereby activating the SPAK and
OSRI1 kinases. In both cases, activation of the STE20 kinases leads to
increased phosphorylation level of NCC. The augmented phosphoryla-
tion level of NCC increases cotransport activity. b Potential mechanism

WNK4 (D561A) and non-activatable SPAK and OSR1 (one
allele) kinases, have shed light on this issue [5]. In contrast to
the single knock-in WNK4 mutant mice strain, which have a
PHAII-like phenotype and increased phosphorylation of
NCC, triple knock-in mice fail to display a hypertensive
phenotype and demonstrate reduced phosphorylation of NCC
[5]. These data suggest that the WNK4-stimulated SPAK/
OSR1 pathway is primarily responsible for the PHAII
phenotype, at least for this particular WNK4 mutant.
However, this does not exclude an important role for the
inhibitory actions of WNK4 in the lysosomal sorting of NCC.
Transgenic mice overexpressing another PHAIlI WNK4
mutant (Q562E) show a hypertensive phenotype similar to
patients with PHAII. These mice display marked hyperplasia
of the DCT and elevated expression of NCC. However, mice
overexpressing wild-type WNK4 show the opposite pheno-
type, with lower blood pressure, atrophy of the DCT, and
reduced NCC expression [27]. This suggests that a surplus of
wild-type WNK4 in the intact animal can lead to an inhibition

Constitutively
active

Na* CI-
C

SPAK/ :
0 OSR1
SPAK/
. OSR1

whereby gain-of-function mutations in WNK4 causes PHAIL. Increased
activity of WNK4 due to PHAII mutations increases its stimulatory
effect on the SPAK/OSRI pathway. This enhances phosphorylation of
NCC and thereby increases NaCl transport, leading to PHAIL ¢ An
increase in the expression of WNKI stimulates the activation of the
SPAK/OSRI1 kinases, which subsequently increases the phosphorylation
level of NCC

of NCC. The inhibitory pathway is likely to be operating
during conditions when WNK4 is not in its activated form, as
exemplified by mice engineered to have extra wild-type
WNK4 alleles and in the study discussed below.

A recent study by Mu et al. showed that the WNK4
pathway plays an important role in salt-sensitive hyperten-
sion [31]. Activation of the adrenergic pathway in mice
placed on a high-NaCl diet causes hypertension, increased
expression of NCC, in addition to a reduced renal WNK4
content. These effects were not observed in [3,-adrenergic
receptor knockout mice. Interestingly, the authors found
that the glucocorticoid receptor was necessary for the
observed decrease in WNK4 abundance. This was elegantly
demonstrated by utilizing mice with a targeted deletion of
the glucocorticoid receptor in the distal nephron. This strain
did not decrease WNK4 abundance or increase blood
pressure when placed on high-NaCl diet and infused with
[3-adrenergic agonists [31]. The current study shows a clear
role for WNK4 and NCC in salt-sensitive hypertension.
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Moreover, the data reinforce the notion that WNK4 can
have an inhibitory effect on NCC in vivo during certain
conditions. Although the amount of phosphorylated NCC is
increased in this study, it is not clear whether this is a
reflection of increased NCC expression or an actual
increase in the phosphorylation level of the cotransporter.
Therefore, it remains to be determined to what extent the
SPAK/OSR1 pathway is activated in these experiments and
what signaling cascade is involved in stimulating it. As
discussed below, several members in the regulatory
complex surrounding NCC act by modifying WNK4
function. Depending on WNK4’s state of activation, the
role of the kinase may be dramatically different. Further
research directed at dissecting out when each pathway
predominates would aid tremendously in understanding
how other regulatory proteins influence NCC function by
modifying WNK4.

In the Xenopus oocyte system, WNKI1 imposes an
inhibitory effect on WNK4, abrogating its ability to shuttle
NCC into lysosomes (Fig. 2a). This mechanism potentially
explains why increased WNKI1 protein expression results in
the same PHAII phenotype caused by mutations in WNK4
[53] (Fig. 2c). The inhibitory effect of WNKI1 on WNK4
might stem from interaction between the two kinases,
leading to phosphorylation of WNK4 [39, 55]. However,
WNKI also activates the SPAK/OSRI pathway during
hypotonic Cl -depleted or K'-depleted conditions [32, 37,
47] (Fig. 3a). Thus, overexpression of WNK1 in PHAII may
increase the phosphorylation level and hence transport
activity of NCC by activation of SPAK and OSRI1
(Fig. 3c). The exact underlying molecular mechanism
mediating PHAII via WNKI1 overexpression is unclear. If
WNK4 functions as a stimulator of NCC transport during
basal conditions in the intact animal [33], it seems to reason
that WNKI1 overexpression in PHAII patients must result
from activation of the SPAK/OSR1 pathway. Further data are
necessary to confirm this, especially studies that dissect out
all possible mechanisms by which WNKI can inhibit
WNK4. Regardless of the mechanism, it is clear from these
data that WNKI1 is a potent regulator of renal electrolyte
transport and blood pressure, as is WNK4. This is consistent
with the observation that heterozygous mice with genetic
ablation of the Wnk! gene have reduced blood pressure [58].
However, part of this response is likely caused by alterations
in vascular tone, due to reduced phosphorylation of SPAK
and NKCCI1 in the arteries of this strain [1].

Although the role of WNK3 remains to be fully clarified,
it is known that this kinase markedly stimulates the activity
of NCC in the X laevis expression system [38]. This
stimulatory effect occurs by phosphorylating and conse-
quently inhibiting WNK4, a mechanism that likely prevents
shuttling of the cotransporter to the lysosomes [55]. The
stimulatory effect of WNK3 on NCC coincides with
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increased plasma membrane expression of the cotrans-
porter. This process occurs independently of Thr®® phos-
phorylation on NCC [21].

The aldosterone-regulated splice variant of WNK1, termed
kidney specific WNK1 (WNK1-KS), inhibits the function of
full-length WNK1, thereby reducing NCC activity [55]. This
is in line with the observation that mice lacking WNK1-KS
has increased mean arterial pressure as well as increased
expression and phosphorylation of NCC [25].

The STE20 family of serine/threonine kinases

WNK-stimulated phosphorylation of NCC is largely medi-
ated by the STE20 family of serine/threonine kinases,
specifically the members SPAK and OSRI1. Both kinases
directly phosphorylate NCC on Thr*®, Thr*>, and Thr®
[37]. The kinases require a docking interaction between
their conserved C-terminal domains and the SPAK/OSR1
binding motif (RFx[V/I]) in NCC to enable these phos-
phorylation events [37, 47] (Fig. 1). Moreover, phosphor-
ylation of Ser’' is altered in SPAK-deficient mice (Ser’” in
humans), suggesting that the kinase is required for
phosphorylation of this site [56]. Recently, it was demon-
strated that when the SPAK/OSRI1 pathway is enhanced,
phosphorylation of Ser’® is also increased in vitro [13].
Both WNK1 and WNK4 interact with SPAK and OSRI1,
and only the catalytically active WNKs are able to
phosphorylate the SPAK/OSR1 kinases [47]. The WNKs
contain SPAK/OSR1-binding motifs that allow them to
interact with the STE20 kinases [15, 30, 47]. Further,
phosphorylation of STE20 substrates by the WNKs
increases both SPAK and OSR1 activity. Mutating one of
these phosphorylation sites, namely the T-loop threonine
residues in SPAK (Thr***) or OSR1 (Thr'®), prevents
activation of the kinases [5, 47].

Mutation of Thr'®> in OSR1 to alanine causes embryonic
lethality of the knock-in mice, while strains with Thr** in
SPAK are born at the expected Mendelian ratio [36]. These
latter mice are hypotensive, a feature that is normalized by
supplementing the animals with dietary NaCl. As expected,
the animals have a marked reduction in NCC phosphoryla-
tion. In addition, a decrease in NCC abundance was also
observed, without a concomitant reduction in mRNA,
suggesting that the stability of the protein was somehow
affected by inactive SPAK kinases [36]. Mice with a genetic
deletion of the Spak gene show a similar phenotype as those
with an inactivatable kinase, but several differences exist. For
instance, these mice develop electrolyte abnormalities consis-
tent with a Gitelman-like phenotype. Moreover, a reduction in
endothelial NKCC1 phosphorylation is present, suggesting
that impaired aortic contractility may contribute to the
hypotensive phenotype [56].
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Mouse protein-25A (MO25x)

MO25« was recently discovered to be a master regulator of
several members of the STE20 kinase family, including
SPAK and OSR1 [13]. The protein is classically described
as a scaffold that regulates the LKB1 tumor suppressor
kinase complex. Conserved MO25«x-binding sites were
identified within both the SPAK and OSRI kinases. Co-
expression of MO25«x with these kinases stimulated their
activity as much as 70—100-fold. This remarkable increase
in activation only occurs when the kinases are activated (i.
e., by changing the T-loop threonine residues in SPAK
(Thr***) and OSR1 (Thr'®*®) to Glutamic acid residues). The
WNK family phosphorylates these T-loops threonines and
similar increases in the activity of wild-type OSR1 were
observed when WNKI1 was present. Knockdown of the
MO25« protein did not affect the phosphorylation of
SPAK/OSR1 by WNKI, suggesting that the binding of
MO25«x does not facilitate this process. As expected,
phosphorylation of the N-terminal residues on NCC is
markedly enhanced after this MO25x-dependent increase
in activation of the SPAK/OSRI1 kinases [13]. Many
laboratories have reported difficulty establishing mammali-
an cell lines expressing NCC that display thiazide-sensitive
transport. Perhaps co-expression of MO25x may help
alleviate this problem by assuring maximal activation of
NCC.

The serum- and glucocorticoid-inducible kinase 1

Serum- and glucocorticoid-inducible kinase 1 (SGKI1) is
involved in controlling several renal electrolyte transport
processes. Part of the “early response” to aldosterone on
renal electrolyte transport has been ascribed to translational
upregulation of this kinase. The effect of SGKI1 on
epithelial transport has been well described for the
epithelial Na* channel (ENaC), where the kinase markedly
stimulates channel activity [3]. This stimulatory effect on
ENaC is achieved by phosphorylating the ubiquitin ligase
Nedd4-2, preventing it from ubiquitinating ENaC and
consequently marking it for degradation [28]. Genetic
ablation of Sgk/ in mice results in salt wasting, which is
only obvious when the mice are maintained on low dietary
NacCl. In addition to a defect in ENaC cleavage, these mice
present with a reduced expression of NCC [11]. When
normal mice are placed on a low-NaCl diet, NCC
abundance as well as phosphorylation of Thr>*, Thr®, and
Ser’! is increased (equivalent to Thr, Thr®’, and Ser”® in
humans). Interestingly, this response is attenuated in mice
with a targeted deletion of the Sgk/ gene, suggesting that
SGK1 somehow affects NCC phosphorylation [45]. Wheth-
er the reduced expression of NCC is dependent upon a

reduction in phosphorylation of the cotransporter, as
reported by others, remains to be seen [5, 36, 56]. In the
X. laevis system, WNK4 inhibits the activity of NCC under
basal conditions by diverting the cotransporter to the
lysosome. Here, SGKI1 functions as an inhibitor of
WNK4, reducing the negative effect of WNK4 upon NCC
activity [39]. This inhibitory action on WNK4 occurs by
binding of the SGK1 protein to WNK4, which results in
SGK1-dependent phosphorylation at two sites within
WNK4, namely Ser''® and Ser''’. Converting these sites
into aspartates, thereby mimicking active phosphorylation
sites, completely reverts the inhibitory effect of WNK4 on
NCC activity [39]. In an apparent feedback loop, WNKI1
has been shown to activate SGKI. Interestingly, SGK1
activation is dependent on the N-terminal residues of
WNKI1 and not the catalytic activity of the kinase [51,
52]. This finding has subsequently been expanded to
several of the WNKs, including WNK4 [26]. Conversely,
SGK1 has also been shown to regulate WNKI by
phosphorylating it at Thr’® [4]. Whether these interactions
results in altered NCC transport remains to be determined.
Since SGK1 is an aldosterone-regulated protein, under-
standing its interaction with the WNK system will help
delineate how aldosterone regulates NCC and distal
nephron NaCl transport.

Protein phosphatase 4

Regulation of NCC phosphorylation is critical in determining
its activity. As such, protein phosphatases are important for
regulating the activity of several other Slc12 family members.
A recent report by Glover et al. found that protein phosphatase
4 (PP4) was able to strongly inhibit NCC activity in the
Xenopus oocyte [22]. In line with previous studies, they
observed that the inhibitory actions of PP4 on NCC occur
independently of membrane trafficking. The effect of PP4
was clearly dependent on its phosphatase activity, as a
phosphatase-dead mutant had no effect upon NCC activity.
Moreover, the PP2B phosphatase had no effect on NCC
activity, suggesting specificity of PP4. Consistent with this is
the restricted expression of PP4 to the renal distal tubule.
Finally, the inhibitory effect of PP4 was only found in NCC
transporters with intact Thr>® phosphorylation sites (Thr in
humans) [22]. Thus, these data indicate an important role for
PP4 in the regulation of NCC activity, by modulating its
phosphorylation level (Fig. 4, step 4).

Y-Adducin

The previously described studies highlight the fact that
phosphorylation of the N-terminal domain of NCC is
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Activated cotransporter

Fig. 4 Schematic model detailing the postulated mechanism whereby
v-adducin could stimulate NCC activity. This model is speculative at
current. Since y-adducin is not a kinase, it may act as a scaffold by
anchoring a kinase (potentially SPAK or OSR1) to the dephosphory-
lated cotransporter (step /). The anchored kinase phosphorylates

critically important for cotransporter activity. Dimke et al.
utilized pull-down experiments with the N-terminal domain
of NCC as bait to screen mouse kidney lysates for potential
interactors of the cotransporter. Using this approach
coupled to mass spectrometry, y-adducin was identified as
a novel auxiliary factor interacting with NCC [9]. The
adducin gene family was originally characterized as
cytoskeletal membrane proteins involved in spectrin—actin
binding [17]. y-Adducin is an interesting protein based on
its proposed involvement in primary hypertension in
humans and hypertensive rat models [2, 6, 57]. Moreover,
y-adducin co-localizes with NCC to the distal convoluted
tubule of the kidney, making it an excellent candidate
regulatory protein of NCC [9, 14]. When expressed in the
oocyte system, y-adducin markedly stimulated the activity
of NCC. In addition, siRNA directed against the endoge-
nous X. laevis 'y-adducin reduced NCC-dependent uptake,
further solidifying the role of y-adducin in NCC regulation.
To investigate whether binding of y-adducin to the N
terminus of NCC is required for its stimulatory effect,
competition assays were performed. Injection of increasing
amounts of the N-terminal domain into oocytes co-
expressing ‘y-adducin and NCC completely reverted the
stimulatory effect of 'y-adducin, suggesting that binding to
the N-terminal domain is necessary to increase NCC
activity. Mapping of the y-adducin-binding site in NCC
revealed that it bound to a segment that encompasses
several of the N-terminal phosphorylation sites. Another
clue that y-adducin could be involved in modulating the
phosphorylation status of NCC was the observation that
cotransporter trafficking was unaltered, despite increased
activity. Mutating the phosphorylation sites in the N-
terminal domain of NCC (Thr>>, Thr®®, and Ser’®) into
aspartates, thereby mimicking constitutively active sites,
completely abolished the stimulatory effect of y-adducin

@ Springer

NCC, which leads to an increase in transport activity (step 2). y-
Adducin dissociates from NCC after the kinase phosphorylates the
cotrasporter (step 3). Dephosphorylation of NCC by the PP4 protein
reduces NCC activity (step 4). The cycle can be repeated after the
cotransporter has been dephosphorylated

[9]. These data indicate that phosphorylation of NCC is
integral for the stimulatory effect of y-adducin. Moreover,
y-adducin was found to bind NCC only in conditions when
the phosphorylation of the cotransporter was absent or low
(i.e., in the GST-purified wild-type NCC N-terminal and the
mutant N-terminal with the Thr>>, Thréo, and Ser”® sites
converted to alanines). However, when these phosphoryla-
tion sites were converted into aspartates, binding of -
adducin to NCC was abolished [9]. This suggests that y-
adducin only binds NCC when the cotransporter is in its
dephosphorylated state.

Acknowledging that y-adducin is not a kinase, it may
affect NCC activity by acting as a scaffold, bringing a
kinase together with its substrate NCC. As phosphory-
lation of the N-terminal sites of NCC is mediated via
SPAK and OSRI, these appear as likely candidates for
the scaffolding functions of y-adducin. At present, pull-
down experiments with y-adducin and the SPAK/OSR1
kinases have not been performed. Based on the initial
data obtained, a potential mechanism of how <y-adducin
binds NCC and stimulates its activity can be seen in
Fig. 4. y-Adducin may function by bringing the kinase
together with the dephosphorylated N terminus of the
cotransporter (Fig. 4, step 1). This inevitably leads to an
increase in NCC phosphorylation and subsequently activ-
ity (Fig. 4, step 2). After the kinase has phosphorylated
NCC (a feature that could lead to a conformational change
in the binding domain of the cotransporter), y-adducin
dissociates from NCC and may even help the kinase
dissociate from the cotransporter as well (Fig. 4, step 3).
This theory is currently speculative and remains to be
tested experimentally. Interaction studies directed at the
potential binding of y-adducin with the STE20 kinases
will be crucial to increase our understanding of how y-
adducin affects NCC activity.
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The adducin gene family has previously been implicated
in arterial hypertension. Most remarkable is the role of o-
adducin. However, the effect of this isoform is likely to
occur by an alternative mechanism, as it is not expressed in
the distal tubule [14] and «-adducin does not stimulate
NCC activity in the oocyte system [9]. One single
nucleotide polymorphism in the y-adducin gene has been
described, which is involved in systolic blood pressure
regulation in certain individuals [7]. Moreover, systolic
blood pressure and pulse rate remain stable in genetically
modified mice lacking y-adducin. However, this is
expected since mice with a targeted deletion of NCC show
no alteration in mean arterial pressure when maintained on
normal amounts of dietary NaCl. However, when a
reduction is imposed in dietary NaCl content, NCC-
deficient mice develop hypotension [42]. Whether manip-
ulations of NaCl in the diet are needed to provoke changes
in blood pressure in y-adducin-deficient mice remains to be
determined.

Conclusion

The kidney is a complex organ that responds to a
variety of stimuli by altering urinary excretion of
electrolytes. These adjustments depend on the signals
the kidney receives from various sources throughout the
body and from within the kidney itself. NCC plays a
key role in renal NaCl transport thereby contributing to
blood pressure maintenance. It is therefore not surpris-
ing that NCC is regulated at various levels. It is now
clear that a larger network surrounds NCC. This
network consists of kinases, scaffolds, and phosphatases
that regulate different aspects of transporter function.
Naturally, cross talk between components of this system
must occur in order to relay the most important signal
to the transporter. This integrated signaling complex
regulates NCC activity by modifying phosphorylation
status, trafficking, and lysosomal sorting. Future re-
search into this area will help explain how this complex
system regulates NCC. As such, it will be necessary to
dissect out which proteins translate the diverse array of
environmental signals into altered transporter activity. It
will also be important to establish when WNK4
stimulates or inhibits NCC activity, in order to better
understand this system.
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