
  
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

WNKs of flora and fauna 

ABSTRACT 
The with-no-lysine (K) (WNK) family of protein 
kinases is unique in that they are characterized by 
a more exposed position of the catalytic lysine in 
the kinase domain when compared to canonical 
protein kinases. These kinases have been implicated 
in regulation of a variety of cellular processes 
such as salt and water homeostasis, intracellular 
vesicular trafficking, and neuronal excitability. 
Mutations in two of the four family members have 
been linked to Gordon’s syndrome which is a 
genetic hypertensive disease. Recent evidence 
points to a role of these proteins in several other 
disease systems including cancer. Newer studies 
suggest that these proteins are an ancient class 
with homologs found in unicellular organisms and 
plants. In this article, we review the different roles 
of WNK family members in mammals and plants, 
links with other pathways in the cell and its role in 
disease. 
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ABBREVIATIONS 
With-no-lysine (WNK), Mitogen activated protein 
kinase (MAPK), Mitogen activated protein kinase 
kinase (MAP2K), Mitogen activated protein 
kinase kinase kinase (MAP3K), kilodalton (kD), 
Kidney specific WNK1 (KS-WNK1), Expressed
 

sequence tags (EST), Pseudohypoaldosteronism type 
II (PHAII), Online Mendelian inheritance in man 
(OMIM), Sodium chloride cotransporter (NCC), 
Solute carrier family (SLC), Sodium potassium 
two chloride cotransporter (NKCC), Oxidative 
stress responsive kinase 1 (OSR1), Ste-20 related 
proline alanine rich kinase (SPAK), Renal outer 
medullary potassium channel (ROMK), Epithelial 
sodium channel (ENaC), Potassium chloride 
cotransporter (KCC), Serum and glucocorticoid 
regulated kinase 1 (SGK1), Phosphatidylinositol-
3-kinase (PI3K), Phosphoinositide dependent kinase 
1 (PDK1), p21 activated kinase 1 (PAK1), Neurally 
expressed and developmentally downregulated 
4-2 (Nedd 4-2), Gamma amino butyric acid 
(GABA), Synaptotagmin (Syt), Intersectin 1(ITSN1), 
Extracellular signal regulated kinase (ERK), 
Epidermal growth factor (EGF), Distal convoluted 
tubule (DCT), Protein kinase B (PKB), 
Phosphatidylinositol 3,4 phosphate (PIP2), 
Phospholipase C (PLC), Inositol trisphosphate 
(IP3), Diacylglycerol (DAG), Phosphatidylinositol 
4 phosphate (PI4P), Mammalian target of rapamycin 
(mTOR), Transforming growth factor β (TGF-β), 
Liver kinase B1 (LKB1), Mouse protein 25 (MO-
25), Ste-20 related adaptor (STRAD), Spleen 
tyrosine kinase (SYK), Cystic fibrosis transmembrane 
conductance receptor (CFTR), (IP(3)) receptor-
binding protein released with IP(3) (IRBIT), 
basolateral solute carrier family 4 member 4 
(NBCe1-B), Arabidopsis pseudo response regulator 
(APRR), Abscissic acid (ABA). 
 
INTRODUCTION 
The first member of the with-no-lysine (WNK) 
family of protein kinases was discovered 
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in WNK1 expression and missense mutations 
clustered in a short acidic segment distal to the 
kinase domain in WNK4 are known to be 
associated with PHAII. WNK1 is an essential 
gene and WNK1 knockout mice do not survive 
beyond embryonic day 13 [10]. Endothelial specific 
rescue of WNK1 is sufficient to let these mice 
develop to birth, although they die within the first 
day of birth [11] suggesting a wider role of 
WNK1 in maintaining growth and survival.  
In this review, we will summarize what is known 
about the functions of WNKs, explore cross-talks 
with other pathways and roles of WNKs in other 
diseases, and provide a brief review on the 
function and regulation of plant WNKs (Figure1). 
 
WNKs have diverse functions 
Regulation of ion transporters: WNK family 
members are activated by hyperosmotic stresses 
(e.g. sorbitol and NaCl) [4, 12] and hypotonic low 
chloride conditions [13-15]. Thiazide diuretics, 
which inhibit the sodium chloride cotransporter 
(NCC), solute carrier family 12 member 3 
(SLC12A3), have been used to treat the symptoms 
of PHAII patients. Given the role of WNKs in 
PHAII, it was hypothesized that regulation of 
NCC might be one of the functions of WNKs. 
Indeed, WNKs 1, 3 and 4 were shown to influence 
NCC activity [13-19]. The regulation of NCC and 
the related sodium, potassium and two chloride 
cotransporters (NKCC1 and NKCC2 aka SLC12A2 
and SLC12A1) by WNKs is complicated by several 
apparent contradictory studies using the Xenopus 
system and mouse. This area has been extensively 
reviewed elsewhere [14, 20-24]. We briefly 
mention some of the major points in this review. 
NCC is predominantly expressed in the distal 
convoluted tubule. Using Xenopus laevis oocytes 
as a model system, it was demonstrated that 
coexpression of WNK4 along with NCC had an 
inhibitory effect on sodium reuptake suggesting 
that WNK4 inhibited NCC action. PHAII-causing 
mutations in WNK4 increased the inhibitory 
action of WNK4 on NCC [14, 15]. WNK1 
inhibited the action of WNK4 on NCC while 
WNK3 was a positive regulator of NCC [18, 25]. 
This regulation of NCC is further complicated by 
the presence of the kidney specific isoform of 
 

serendipitously in our laboratory while searching 
for homologs of the mitogen-activated protein 
kinase kinase (MAPKK or MEK). WNKs are a 
family of four atypical kinases with a non-
canonical position of the catalytic lysine [1]. The 
catalytic lysine involved in the phosphotransferase 
reaction is more exposed on the surface of the 
kinase domain in WNKs compared to a more 
buried position in all other members of the 
eukaryotic protein kinase superfamily [1, 2]. 
WNKs are large proteins with molecular weights 
in mammals ranging from 135-250 kD. Several 
splice variants of the four family members exist. 
WNK1 has another isoform that is expressed from 
an alternate promoter specifically in the kidney 
(KS-WNK1) and lacks the kinase domain [1-7]. 
WNKs are complex proteins with only the kinase 
domain, the autoinhibitory domain and a few 
sequence motifs conserved among all family 
members. WNKs have low complexity sequence 
stretches, putative coiled-coil domains and a 
number of PxxP and RFXV motifs which serve as 
binding motifs for interacting partners [4]. There 
is also a common autoinhibitory domain 
immediately distal to the kinase domain that 
inhibits the activity of the kinase domain. Another 
putative autoinhibitory domain in WNKs lies in 
the middle of the protein [8]. The expression of 
the four family members varies. A survey of 
expressed sequence tags (ESTs) in the Unigene 
database (http://www.ncbi.nlm.nih.gov/unigene) 
indicates that WNK1 is ubiquitously expressed in 
adult organs as well as embryonic tissues. WNK2 
is expressed in the brain, testis, uterus, eye, 
kidney, intestine and a few embryonic tissues. The 
expression of WNK3 is more restricted with brain 
and testis being the major organs expressing the 
proteins. WNK4 is mostly expressed in the 
kidney, eye, mammary gland and prostate.  
The importance of WNKs was first realized when 
it was shown that mutations in WNK1 and WNK4 
are associated with pseudohypoaldosteronism type 
II (PHAII), also known as Gordon’s syndrome 
(OMIM #145260) [9]. PHAII is a monogenic 
disease characterized by hypertension due to 
increased sodium reabsorption, hyperkalemia and 
metabolic acidosis, despite normal levels of 
aldosterone. Intronic deletions that cause an increase 
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activate OSR1 to the same extent ([15] and 
Sengupta et al., submitted). Phosphorylation by 
these kinases activates the transporters, which was 
established for NKCCs prior to their links to 
WNKs [33-35].  Interestingly, new data suggest 
that SPAK has divergent effects on NCC and 
NKCC [29, 36]. This may be due to the 
expression of different isoforms of SPAK in the 
kidney. A recent study suggests that SPAK has a 
kidney specific isoform that can act as a dominant 
negative to the full length isoform and is 
generated in response to dietary sodium intake 
[37]. To get a clearer picture of ion transporter 
regulation, it is pertinent to take into account 
expression of the different isoforms of WNK and 
SPAK in future studies.  
A second suggested mechanism of transporter 
activation by WNKs was through regulating 
trafficking to the membrane [14, 15]. Some 
studies show that coexpression of WNK4 along 
with NCC in mammalian models causes inhibition 
of Na+ flux through inhibition of surface 
expression of the transporter in a dynamin-
independent manner [38]. WNK4 inhibits NCC by 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WNK1 which is expressed in the renal tubules 
exclusively [5]. KS-WNK1 acts as a dominant 
negative and inhibits the action of the long form 
of WNK1 on NCC [26]. A KS-WNK1 knockout 
mouse shows sodium retention, high blood 
pressure and increased the surface expression of 
NCC and its related cotransporters NKCCs in the 
renal tubule [27]. The level of expression of 
KS-WNK1 influences its action although the exact 
mechanism is still unknown. Caution is warranted 
in interpreting the results of studies that used 
overexpression and heterologous model systems 
without reinvestigation. Other findings which bear 
on these conclusions are discussed below. 
There are two ways by which WNK4 has been 
shown to regulate NCC, which may seem to 
contradict the findings above.  First, WNK4, like 
the other WNKs, phosphorylates oxidative stress 
responsive kinase 1 (OSR1) and its homolog 
Ste-20 related proline alanine rich kinase (SPAK). 
OSR1 and SPAK in turn phosphorylate NCC and 
the related cotransporters NKCC1 and NKCC2 
[28-32] on conserved serine and threonine 
residues. All four WNKs can phosphorylate and 
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Figure 1. A schematic of the roles of the WNK family members in plants 
and animals as discussed in this article. 
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WNKs 1, 3 and 4 inhibit ROMK by decreasing its 
surface expression [3, 24, 48, 49]. KS-WNK1 
inhibits WNK1-mediated ROMK inhibition and 
interestingly PHAII mutations in WNK4 cause 
increased inhibition of ROMK (see below).  
WNKs also regulate the epithelial sodium channel 
(ENaC) in a kinase-independent manner. All four 
WNKs interact with the sodium- and 
glucocorticoid-regulated kinase (SGK1) via regions 
of their N-termini that precede the kinase domain 
[50]. Interaction with this N-terminal region is 
sufficient to activate SGK1. SGK1 can then be 
translocated to the membrane by an unidentified 
mechanism where it is phosphorylated on its 
activation loop by phosphoinositide-dependent 
kinase (PDK1) in a phosphatidylinositol-3-kinase 
(PI3K) dependent manner. Active SGK1 
phosphorylates Nedd4-2 (neurally expressed and 
developmentally downregulated), an E3 ligase 
one of whose target is the epithelial sodium 
channel [51-54]. Phosphorylation by SGK1 creates a 
14-3-3 binding site on Nedd4-2 resulting in its 
sequestration. Thus, ENaC is retained in the plasma 
membrane, where it has a high open probability, 
facilitating sodium reabsorption. Although 
thiazides have been most useful in treating PHAII 
patients, symptoms of some patients are improved 
with spironolactone, an aldosterone antagonist. 
Aldosterone stimulates ENaC biosynthesis; thus, 
the aldosterone receptor antagonist decreases the 
amount of ENaC expressed. 
Maintenance of neuronal cell volume and 
excitatory properties are dependent on regulation 
of ion balance inside and outside of the neuronal 
cell. Since WNK3 is expressed highly in neurons, 
and WNKs can regulate ion balance, it was logical 
that WNK3 could be responsible for maintaining 
ion balance in neuronal cells. WNK3 co-localizes 
with NKCC1 and KCC1/2 in gamma amino 
butyric acid (GABA) receptor expressing neurons 
[55]. It helps regulate transporter activity and 
maintain cell volume in response to osmotic 
stress. Recently, it was shown that WNK2 is 
expressed in adult and fetal brains, especially in 
the neocortical pyramidal cells, thalamic relay 
cells, and cerebellar granule and Purkinje cells. 
WNK2 forms a complex with SPAK in these 
neuronal cells and regulates the cation chloride 
transporters NKCC and KCC [56].  

inhibiting its delivery to the membrane without 
affecting the net rate of internalization [39]. This 
is done by targeting NCC to the lysosome by 
interaction with the adaptor protein AP-3 which 
marks cargo destined for lysosomes. Sortilin is a 
lysosomal sorting receptor similar to the yeast 
vacuolar protein Vps10p. It was determined that 
sortilin mediates the degradation of NCC brought 
about by WNK4 [40]. These apparently conflicting 
ideas concerning regulation of NCC by WNKs 
still need to be reconciled.  
An additional complication is that all four WNKs 
can interact with each other via a C-terminal 
coiled-coil region and can phosphorylate each 
other. WNKs autophosphorylate and can 
phosphorylate each other on an activation loop 
residue [4, 41]. Thus, WNK family members have 
the potential to form an autoactivating signaling 
complex and their hetero-oligomerization may be 
affected by overexpression of single forms. Yet, 
clear evidence showing that they actually function 
as a complex in vivo is lacking. 
WNKs 1, 3 and 4 have also been shown to inhibit 
the potassium chloride cotransporters (KCC1-4) 
which are also members of the SLC12 family 
[42]. Whether this is brought about by activation 
of OSR1 and SPAK remains to be determined but 
seems likely. WNK4 also phosphorylates claudins 
1-4, which are tight junction proteins involved 
in paracellular Cl- flux [43]. WNKs also regulate 
the chloride channel SLC12A9 [44]. A study 
suggested that the inositol-1,4,5-trisphosphate 
(IP(3)) receptor-binding protein released with 
IP(3) (IRBIT) was involved in mediating fluid 
and bicarbonate secretion by the CFTR and 
basolateral solute carrier family 4 member 4 
(NBCe1-B) by antagonizing the effects of the 
WNK-SPAK pathway [45], thereby regulating 
chloride, bicarbonate and fluid secretion in epithelial 
cells.  Using Caenorhabditis elegans as a model 
system, groups have shown that the WNK isoform 
expressed in these organisms can bind to and 
activate the OSR1 relative Gck-3 and thereby 
regulate the ClC anion channel which has multiple 
roles in volume regulation during development, 
cell cycle control, osmotic homeostasis and 
ovulation in these organisms [46, 47]. 
The renal outer medullary potassium channel 
(ROMK) is also regulated by the WNK kinases. 
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The details of the mechanism by which WNK3 
can regulate apoptosis need to be elucidated.  
Roles of other WNKs in apoptosis also remain to 
be determined.  
WNK1 and cell cycle regulation: A study showed 
an effect of WNK1 in regulation of cell 
proliferation and migration in multipotent C17.2 
neuronal stem cells from mouse [60]. Upon 
downregulation of WNK1 by RNA interference, 
the authors showed altered cell morphology, 
reduction in cell migration and an impairment of 
progression of the cell cycle. WNKs have been 
identified in screens of proteins involved in 
development, cancer, survival and proliferation 
[61-63]. Our lab has recently found evidence that 
WNK1 is involved in regulation of the mammalian 
cell cycle and survival. WNK1 localizes in a 
punctuate manner in cells and co-localizes with 
the mitotic spindle. Knocking down endogenous 
WNK1 in HeLa cells causes multipolar spindle 
formation and results in multinuclear daughter 
cells. Further, the cells show highly elongated 
bridges between the daughter cells and aberrant 
abscission. This phenotype can be rescued by 
overexpressing full-length rat WNK1. This 
indicates that this phenomenon is specific to 
WNK1 knockdown. This effect is independent of 
the WNK substrate OSR1 [64].  
 
Connections with other pathways 
MAPK pathways: We isolated cDNAs encoding 
WNK1 and the kinase domain of WNK2 while 
searching for homologues of the mitogen-activated 
protein kinase kinase (MAPKK or MAP2K) also 
known as MEK (we called it W-MEK for a 
while). It was therefore sensible for us to test 
whether WNK1 could activate the different MAPK 
pathways. The MAPK cascade consists of a three 
kinase core cascade which may be regulated by a 
small G protein or an additional protein kinase 
(sometimes called MAP4K), or may be activated 
by oligomerization. The first kinase in the core 
cascade is the MAP kinase kinase kinase 
(MAPKKK, MAP3K, or MEKK). The MAP3K 
then phosphorylates and activates its downstream 
substrate, the MAP2K which in turn activates the 
MAPK. The best studied MAPK pathways are the 
extracellular signal-regulated kinase (ERK1/2) 
pathway, the c-Jun N-terminal kinase (JNK) 

Involvement in vesicular transport: As stated 
above, several of the ion transporters are regulated 
by WNKs 1 and 4 via changes in surface 
expression of the transporters. To determine the 
mechanism involved, we used a yeast two hybrid 
screen to determine whether WNK1 could interact 
with any of the players involved in vesicular 
transport. We found that WNK1 interacts with 
synaptotagmin2 (Syt2) [57]. Synaptotagmins 
regulate membrane fusion and vesicle transport in 
neuronal and neuroendocrine cells. Syt2 is similar 
in function to Syt1 which has been extensively 
studied. Syts have calcium sensing domains 
known as C2 domains. Through their C2 domains 
Syts can bind to membranes upon Ca2+ influx and 
enhance membrane fusion events. WNK1 can 
bind to and phosphorylate the C2 domain of Syt2 
causing a change in the calcium requirement for 
the membrane binding activity of the Syt2 C2 
domain. This alteration of calcium requirement 
suggests that WNK1 might be regulating the 
calcium sensing properties of Syt2 and thereby 
regulating its roles in mediating membrane fusion.
WNKs1 and 4 inhibit the renal outer medullary 
potassium channel (ROMK) by decreasing the 
surface abundance of the channel via a clathrin 
and dynamin dependent mechanism [58]. This is 
independent of the kinase activity of WNK1 and 
is dependent on the interaction of WNKs 1 and 4 
with the endocytic scaffold protein intersectin 
(ITSN1). WNKs have several proline rich PxxP 
motifs that can interact with SH3 domains. SH3 
domains of ITSN1 were found to interact with N-
terminal PxxP motifs on WNK. There are three 
PxxP motifs in the N-terminal region of WNK1 
and mutation of all three completely abolishes 
interaction with ITSN1. PHAII missense 
mutations on WNK4 increase the affinity for 
interaction with ITSN1 and ROMK, leading to 
enhanced ROMK internalization and decreased 
potassium uptake. We also have evidence 
suggesting that WNKs are involved in membrane 
trafficking (Tu et al., manuscript in preparation). 
WNK3 and apoptosis: A study showed that 
WNK3 interacts with caspase-3 in HeLa cells. 
Overexpression of WNK3 inhibits while 
downregulation of WNK3 accelerates apoptosis 
in a caspase-3 dependent manner [59]. WNK3 
translocates to the nucleus upon apoptotic stimuli. 
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ERK1/2 activity. Knocking down WNK4 or 
ERK1/2 resulted in increased surface expression 
of NCC. Mechanistic links, however, were not 
identified. Because of the use of overexpression 
system, some additional control experiments would 
have made the study more convincing. The 
indication that WNKs 2 and 4 cross-talk with the 
ERK1/2 pathway, while WNK1 does not, suggests 
that the four family members might have divergent 
functions in mammals. Additionally, cross-talk 
with the essential cell growth, proliferation and 
survival pathways indicates a wider range of 
physiologic functions of WNKs. 
PLC, PI3K and mTOR:  WNK1 was shown to be 
phosphorylated by protein kinase B/Akt 
downstream of insulin and insulin like growth 
factor (IGF1) stimulation. Akt phosphorylates 
WNK1 specifically at an N-terminal threonine 
residue (T60 in human WNK1) in response to 
IGF1 stimulation in vitro which can be inhibited 
using phosphatidylinositol 3- kinase (PI3K) 
inhibitors. Cells lacking phosphoinositide dependent 
kinase (PDK1) which phosphorylates and 
activates Akt reveal that this activation of WNK1 
is dependent on Akt [8, 54, 69, 70]. 
Phosphorylation of WNK1 by Akt does not affect 
its kinase activity as measured by phosphorylation 
of myelin basic protein (MBP). ENaC and ROMK 
surface expression is inhibited by WNKs and 
phosphorylation of WNKs by PKB mediates it 
[71]. One of the consequences of phosphorylation 
of WNK1 by Akt could be a change in the 
conformation of WNK leading to change in its 
binding properties to different proteins.  
A recent study implicates WNK1 as a novel 
regulator of phospholipase C β (PLCβ) activity. 
PLCβ hydrolyzes phosphotidylinositol 4, 5 
bisphosphate (PIP2) to generate second messengers 
diacylglycerol (DAG) and inositol triphosphate 
(IP3) downstream of signals from G-protein 
coupled receptors. The concentration of PIP2 in 
the membrane is rate limiting for PLCβ action. 
This study shows that WNK1 promotes the 
synthesis of PIP2 by stimulating phosphatidylinositol 
4 kinase type IIIα (PI4K IIIα), which converts 
phosphatidylinositol-4 phosphate to PIP2 [72]. 
WNK1 activity is essential for PLCβ function 
downstream of Gq coupled receptors. Insulin and 
IGF1, which activate the PI3K-Akt pathway, 

pathway, the p38 pathway and the ERK5 pathway. 
We found that WNK1 was unable to activate 
ERK1/2 or JNK. It had only a marginal effect on 
p38. However, overexpressed WNK1 could activate 
the ERK5 pathway [65]. ERK5 is activated in 
response to growth factors and stress conditions 
including osmotic and oxidative stresses and is 
implicated in cell survival and proliferation. 
Upstream regulators of ERK5 include the 
MAP3Ks, MEKK2 and MEKK3. We showed that 
WNK1 can bind to and phosphorylate MEKK3. 
However, this phosphorylation is dispensable for 
activation of MEKK3. The effect of 
phosphorylation of MEKK3 on its activation and 
ability to activate the ERK5 pathway is yet to be 
defined.  
WNK2, on the other hand, was shown to regulate 
the ERK1/2 pathway via MEK1 and Rho GTPase 
[66, 67]. Knockdown of WNK2 in HeLa cells 
caused phosphorylation of ERK1/2 and 
phosphorylation of MEK1 at S298 in response to 
epidermal growth factor (EGF) stimulation. 
Silencing WNK2 caused an increase in Rac GTP 
loading and concomitantly a decrease in the 
amount of Rho-GTP. WNK2 cannot directly 
phosphorylate MEK or PAK1. However, depletion 
of endogenous WNK2 causes upregulation of 
phospho-PAK1. WNK2 interacts with RhoA and 
localizes to the membrane. This suggests that 
WNK2 might have a negative regulatory effect on 
ERK stimulation in HeLa cells in response to 
growth factors. Depletion of WNK2 caused more 
cells to enter the S-phase of cell cycle, thereby 
implicating WNK2 in growth and survival. 
However, whether phosphorylation of ERK1/2 in 
this situation actually activates the kinase was not 
measured using substrate phosphorylation assays. 
It was also not determined whether the 
phosphorylation of MEK at S298 in this system is 
directly through PAK1. Whether this effect of 
WNK2 is cell or tissue type specific should also 
be addressed. 
In another recent study, WNK4 was implicated in 
regulation of NCC expression which was suggested 
to occur through the ERK1/2 pathway [68]. 
WNK4 overexpression in a mouse distal convoluted 
tubule (DCT) cell line was shown to increase 
ERK1/2 activation modestly in a dose dependent 
manner. PHAII mutations significantly decreased 
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that WNK1 acts as a negative regulator. 
Interestingly, OSR1 was reported to interact with 
the TGF-β receptor, further suggesting a 
functional interaction of WNK1 with this pathway 
[84]. The TGF-β-Smad pathway is implicated in 
several cancers due to their roles in controlling 
proliferation and apoptosis. Implication of WNK1 
as a negative regulator of this pathway warrants 
the suggestion that WNK1 is implicated in 
tumorigenesis. 
c-Src: The Src family of protein tyrosine kinases 
are well known for their roles as proto-oncogenes 
and their widespread mutations associated with 
various forms of cancers. It was shown that 
overexpression of c-Src along with ROMK in 
Xenopus oocytes decreased the activity of the 
channel as measured by barium sensitive currents 
in a patch clamp study. Inhibition of the protein 
tyrosine phosphatases reversed this effect [85]. 
This effect of Src was enhanced when WNK4 was 
coexpressed [86]. Src was shown to affect the 
SGK1 mediated phosphorylation on WNK4. This 
links WNKs to yet another important cellular 
signaling pathway which has implications in 
cancer biology. 
LKB1-MO25-STRAD: Recently, the mouse 
protein25A (MO25α) was shown to regulate 
OSR1 and SPAK activation. Overexpression of 
MO25α along with OSR1 and SPAK stimulated 
the activity of the kinases. Conserved MO25α 
binding sites were identified within OSR1 and 
SPAK [87]. MO25α is an adaptor that regulates 
the activity of the tumor suppressor kinase LKB1 
through the Ste20-related adaptor Strad, a 
homolog of OSR1 and SPAK [74, 87]. The exact 
mechanism of MO25α on the OSR-NCC pathway 
needs to be clarified. 
CFTR channel: WNKs 1 and 4 regulate the surface 
expression of the cystic fibrosis transmembrane 
conductance regulator (CFTR). Recent evidence 
suggests that this effect, at least in the case of 
WNK4, is linked to the action of the spleen 
tyrosine kinase (Syk) [88]. Biochemical and 
physiological assays reveal that Syk phosphorylates 
a tyrosine residue (Y512) on CFTR and ablation 
of this phosphorylation by site directed mutagenesis 
alters the surface expression of the channel. 
WNK4 can interact with and inhibit Syk in a 
kinase independent manner. WNK4 and Syk play 
 

potentiate the signaling downstream of Gq, 
possibly via phosphorylating WNK1. This study 
implicates WNK1 as a coordinator and mediator 
of two distinct pathways. 
Akt and SGK1 are also substrates of the mammalian 
target of rapamycin complex 2 (mTORC2). mTOR 
is a metabolically regulated kinase implicated 
in regulating a staggeringly wide array of cellular 
activities [73]. mTOR forms at least two 
functional complexes, mTORC1 and mTORC2 
[74-78]. mTORC1 is involved in regulation of 
translation, autophagy and metabolic processes 
downstream of nutrient signals. mTORC2 
phosphorylates the hydrophobic motif of several 
AGC kinases including Akt and SGK1 [51, 79]. 
This phosphorylation is essential for activation 
and stability of these proteins. Akt and SGK1 both 
are implicated upstream of WNK1. WNK1 is 
important for the activation of SGK1 [53, 54, 80]. 
In a phosphoproteomic analysis to determine 
proteins downstream of mTOR, two groups 
independently identified peptides corresponding 
to WNK1 whose phosphorylation was deregulated 
by mTOR inhibitors rapamycin and KU0063794 
[81, 82]. The cross-talk between mTOR and 
WNK pathway could reveal important facets of 
functions of WNK proteins.  
TGF-β pathway: The transforming growth factor 
β (TGF-β) pathway is important in the control of a 
wide variety of physiological processes such as 
embryogenesis, differentiation, proliferation and 
apoptosis. The TGF-β receptor is a serine-threonine 
protein kinase. Binding of TGF-β to it stimulates 
the formation of heteromeric complexes of type I 
and type II serine-threonine kinase receptors and 
subsequent trans-autophosphorylation of these 
receptor complexes. Activated type I receptors 
activate specific receptor-activated Smads 
(R-Smads) which leads to interaction with the 
co-mediator Smad. The dimerization of these 
transcription factors mediates signal relay to the 
nucleus where downstream genes are regulated. In 
a yeast two hybrid screen, we identified Smad2 as 
an interacting partner for WNK1 [83]. WNK1 can 
phosphorylate Smad2 in vitro. Interestingly, 
reduction in WNK1 levels in HeLa cells caused 
reduction in Smad2 expression subsequent to its 
activation and nuclear translocation, and thereby 
increased signaling through this pathway suggesting 
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A very interesting genome wide search showed 
that WNK1 was downregulated in circulating B 
cells in women with postmenopausal osteoporosis 
[96]. This opens up a new and exciting avenue for 
the study of WNKs in regulating bone structure 
and mineral deposition. This also suggests the 
WNKs might be regulated downstream of estrogen 
and progesterone. This also begs a comment about 
the knowledge gap in understanding upstream 
regulators of WNKs; this is an important and 
poorly examined field of study. 
 
WNKs in unicellular organisms and plants 
Originally thought to be expressed only in 
multicellular eukaryotes, WNKs are present in 
unicellular eukaryotes such as Chlamydomonas 
reinhardtii, Giardia lamblia and Phytophthora 
sojae [97]. These unicellular WNKs are similar 
in size and domain organization to the WNKs 
found in multicellular plants such as mustard 
(Arabidopsis thaliana) and rice (Oryza sativa). 
The kinase and the autoinhibitory domains are 
conserved among unicellular and multicellular 
plants and mammals. Discovery and phylogenetic 
analyses of plant and unicellular WNKs indicate 
that WNKs represent an ancient class of proteins 
whose importance has been underrated (Figure 2). 
Plant WNKs have not had much attention until 
recently and only two model systems namely 
Arabidopsis and rice (Oryza sativa) have been 
used to study them. The Arabidopsis genome 
encodes 11 WNK kinases and the Oryza genome 
encodes for five of them [97]. The first Arabidopsis 
WNK was found as an interacting partner of the 
circadian clock protein APRR3 (Arabidopsis pseudo 
response regulator 3) in a yeast two hybrid analysis 
[98]. APRR3 is a part of a quintet of proteins 
whose transcription is regulated in response to the 
circadian rhythm and these have been thought to 
be the regulators of the clock genes. Each of the 
APRR transcripts starts to accumulate within 2h 
intervals after dawn in the sequence APRR9-
APRR7-APRR5-APRR3-APRR1 [99, 100]. The 
Arabidopsis WNK1 (AtWNK1) can interact with 
APRR3 and phosphorylate it. It can also associate 
with APRR5, but not with other APRR proteins. 
Expression of AtWNK1 is also regulated in 
tandem with APRR3 in response to the circadian 
rhythm [98, 101]. Similarly, expression of the rice
 

antagonistic roles in maintaining homeostatic 
levels of expression of the channel. It would be 
interesting to determine the mechanism by which 
WNK4 inhibits Syk function and whether PHAII 
causing mutations in WNK4 alter this activity. It 
would also be beneficial to determine if CFTR 
patients experience overlapping mutations in 
WNK4 and how other WNKs affect the channel 
expression and activity.  
 
Upstream regulation 
Much effort has gone into understanding the 
downstream effectors of WNKs, while very little 
is known about the upstream regulators of these 
proteins. WNKs are activated by volume changes 
in the cell, but whether they are the actual sensors 
of the osmotic stress is not known. WNK4 has 
been shown to respond to angiotensin signaling 
[89] suggesting that they may be downstream of 
other effectors that respond to hypovolemia. A 
recent study has shown that the micro RNA miR-
192 has a target sequence in the 3’ untranslated 
region of WNK1 gene. miR-192 can regulate 
WNK1 expression in a tissue culture system and 
aldosterone can regulate the expression of this 
micro-RNA [90]. Whether this and other small 
RNAs regulate WNK1 expression and activity under 
physiological circumstances remains to be seen.  
 
Roles in other diseases 
Relevant to suggestions about WNK1 and 
tumorigenesis, WNK2 and WNK3 have been 
implicated in cancer (reviewed elsewhere [91]). 
WNK3 regulates neuronal cell volume and has 
been implicated in regulating metastatic potential 
of certain gliomas [92]. WNK2 has been shown to 
be silenced epigenetically in different types and 
grades of tumors [93].  
Further, familial microdeletions in the WNK3 
gene have been shown to be linked to some forms 
of autism [94]. It was reported that OSR1 and 
WNK3 were highly overexpressed in patients 
with schizophrenia when examined postmortem 
[95]. Perhaps a change in expression pattern 
and/or kinase activity of WNK and OSR might 
affect chloride transport through NKCC and KCC 
in schizophrenia patients and thereby affect 
GABA-ergic neuronal function. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mus SQQQDDIEELETKAVGMSNDGRFLKFDIEIGRGSFKTVYKG 238
Homo             SQQQDDIEELETKAVGMSNDGRFLKFDIEIGRGSFKTVYKG 238
Glycine MYKGRFGGKAELGYVETDPSGRYGRFRDILGKGAVKVVYRA 41
Arabidopsis      MNNLSYLEPDYSEFVEVDPTGRYGRYNEVLGKGASKTVYRA 41

:           *  .  **: ::   :*:*: *.**:.
Mus LDTETTVEVAWCELQDRKLTKSER--QRFKEEAEMLKGLQHPNIVRFYDSWESTVKGKKC 296
Homo             LDTETTVEVAWCELQDRKLTKSER--QRFKEEAEMLKGLQHPNIVRFYDSWESTVKGKKC 296
Glycine FDEVLGREVAWNQVKLGDVFHSPDLLPRLYSEVHLLKNLEHDSIMTFHDSWIDVHC--RT 99
Arabidopsis      FDEYEGIEVAWNQVKLYDFLQSPEDLERLYCEIHLLKTLKHKNIMKFYTSWVDTAN--RN 99

:*     **** :::  .. :*     *:  * .:** *:* .*: *: ** ..    : 
Mus IVLVTELMTSGTLKTYLKRFKVMKIKVLRSWCRQILKGLQFLHTRTPPIIHRDLKCDNIF 356
Homo             IVLVTELMTSGTLKTYLKRFKVMKIKVLRSWCRQILKGLQFLHTRTPPIIHRDLKCDNIF 356
Glycine FNFITELFTSGTLREYRKKYQRVDIRAVKNWARQILSGLEYLHSHDPPVIHRDLKCDNIF 159
Arabidopsis      INFVTELFTSGTLRQYRLRHKRVNIRAMKHWCRQILRGLHYLHSHDPPVIHRDLKCDNIF 159

: ::***:*****: *  :.: :.*:.:: *.**** **.:**:: **:***********
Mus ITGPTGSVKIGDLGLATLKRAS-FAKSVIGTPEFMAPEMYEEKYDESVDVYAFGMCMLEM 415
Homo             ITGPTGSVKIGDLGLATLKRAS-FAKSVIGTPEFMAPEMYEEKYDESVDVYAFGMCMLEM 415
Glycine INGHLGQVKIGDLGLAAILRGSQHAHSVIGTPEFMAPELYEEEYNELVDIYSFGMCMIEI 219
Arabidopsis      VNGNQGEVKIGDLGLAAILRKS-HAAHCVGTPEFMAPEVYEEAYNELVDIYSFGMCILEM 218

:.*  *.*********:: * * .*   :*********:*** *:* **:*:****::*:
Mus ATSEYPYSECQNAAQIYRRVTSGVKPASFDKVAIPEVKEIIEGCIRQNKDERYSIKDLLN 475
Homo             ATSEYPYSECQNAAQIYRRVTSGVKPASFDKVAIPEVKEIIEGCIRQNKDERYSIKDLLN 475
Glycine FTSEFPYSECSNPAQIYKKVTSGKLPEAYYRIHDLEAQKFVGKCSAN-VSERLSAKELLL 278
Arabidopsis      VTFDYPYSECTHPAQIYKKVMSGKKPDALYKVKDPEVKCFIEKCLAT-VSLRVSARELLD 277

* ::***** :.****::* **  * :  ::   *.: ::  *     . * * ::** 
Mus HAFFQEET
Homo             HAFFQEET
Glycine DPFLATEQ
Arabidopsis      DPFLRIDD

..*:  :                                              
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mitogen activated protein kinase (MAPK) family. 
However, sequence comparison revealed that they 
are lacking the catalytic lysine in subdomain II 
which is a hallmark of WNKs. In plant WNKs, 
this lysine is most often replaced by an arginine 
residue (asparagine in Phycomyces) while in 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

WNK1 (OsWNK1) is also regulated in response 
to the light-dark cycle [102]. 
Subsequent to this study, the different plant WNKs 
were mapped within the Arabidopsis genome and 
the roles of other plant WNKs studied. The plant 
WNKs were originally classified as part of the 
 

Figure 2a. Alignment of the kinase domains of WNK1 isoform 1 of mouse (Mus musculus), 
WNK1 isoform 1 of humans (Homo sapiens), soybean (Glycine max) and mustard (Arabidopsis 
thaliana) showing remarkable conservation among the different species. 

Mammalian WNK1

Kinase domain
Autoinhibitory domain
Coiled coil
P-WNK motif

Plant WNK1

Figure 2b. Schematic of the domain organization of mammalian and plant WNKs showing the 
similarities and differences between the two. 
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Several exciting studies implicate WNKs in a 
wide variety of cellular processes suggesting that 
this family of proteins will have many as yet 
unknown functions. Implication of WNKs in 
several disease systems also attests to a wider role 
of these proteins. Insights from plant WNKs 
suggest a role for WNKs in maintaining circadian 
rhythms and flowering times. WNKs are now 
known to be expressed in ancient unicellular 
organisms suggesting that WNKs date further 
back in the evolutionary timescale. 
All of these studies point to the fact that the with-
no-lysine family of proteins has come a long way
from their humble beginnings. They are now 
implicated in a much wider array of cellular 
physiology and our appreciation of their 
importance is only going to increase with time. 
 
REFERENCES 
1.  Xu, B., English, J. M., Wilsbacher, J. L., 

Stippec, S., Goldsmith, E. J., and Cobb, M. 
H. 2000, J. Biol. Chem., 275, 16795. 

2.  Min, X., Lee, B. H., Cobb, M. H., and 
Goldsmith, E. J. 2004, Structure, 12, 1303. 

3.  Liu, Z., Wang, H. R., and Huang, C. L. 
2009, J. Biol. Chem., 284, 12198. 

4.  Lenertz, L. Y., Lee, B. H., Min, X., Xu, B. 
E., Wedin, K., Earnest, S., Goldsmith, E. 
J., and Cobb, M. H. 2005, J. Biol. Chem., 
280, 26653. 

5.  Delaloy, C., Lu, J., Houot, A. M., Disse-
Nicodeme, S., Gasc, J. M., Corvol, P., and 
Jeunemaitre, X. 2003, Mol. Cell Biol., 23, 
9208. 

6.  O'Reilly, M., Marshall, E., Speirs, H. J., 
and Brown, R. W. 2003, J. Am. Soc. 
Nephrol., 14, 2447. 

7.  Xu, Q., Modrek, B., and Lee, C. 2002, 
Nucleic acids research, 30, 3754. 

8.  Xu, B. E., Min, X., Stippec, S., Lee, B. H., 
Goldsmith, E. J., and Cobb, M. H. 2002, J. 
Biol. Chem., 277, 48456. 

9.  Wilson, F. H., Disse-Nicodeme, S., Choate, 
K. A., Ishikawa, K., Nelson-Williams, C., 
Desitter, I., Gunel, M., Milford, D. V., 
Lipkin, G. W., Achard, J. M., Feely, M. P., 
Dussol, B., Berland, Y., Unwin, R. J., 
Mayan, H., Simon, D. B., Farfel, Z., 
Jeunemaitre, X., and Lifton, R. P. 2001, 
Science, 293, 1107. 

mammalian WNKs, a cysteine residue replaces 
the catalytic lysine [97, 101].  
WNKs have also been implicated in regulating 
flowering time in Arabidopsis by interacting with 
embryonic flower 1 (EMF1) [103]. AtWNK1 
knockouts have delayed flowering while knockout 
mutants in AtWNK2, AtWNK5 and AtWNK8
genes cause early flowering [104] suggesting that 
the different AtWNKs have a complicated and 
concerted action in regulating the photoperiod and 
therefore flowering times. In addition, AtWNK8 
interacts with and phosphorylates the subunit C of 
the vacuolar ATPase of Arabidopsis (VHA-C) 
in vitro. This implicates AtWNK in the regulation 
of energy and pH balance in plants [97]. 
Similar to the roles of mammalian WNKs, the 
soybean (Glycine max) WNK1 (GmWNK1) has 
been implicated in regulating lateral root growth 
and maintaining the root architecture in response 
to osmotic stresses and downstream of abscisic acid 
(ABA) signaling [105]. Using a transgenic plant 
constitutively expressing GmWNK1, the same 
group showed that plant WNKs are also involved 
in maintaining salt balance and homeostasis in 
plants. These transgenic plants show altered ABA 
levels and altered expression of ABA responsive
genes and they are more tolerant to osmotic 
stresses during seed germination and seedling 
development [106]. Thus, plant and animal WNKs 
are evolutionarily conserved proteins with some 
similar functions in regulating salt homeostasis 
among other more divergent functions specific to 
the kingdom.  
 
CONCLUSIONS AND PERSPECTIVES 
Despite the discovery of WNK1 more than a 
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working with these proteins. WNKs are large 
proteins whose expression and purification still 
remains a challenge. As such, most studies with 
WNKs have been carried out using transient 
and heterologous overexpression systems using 
fragments. It remains to be seen whether the 
functions of the full length proteins differ from 
those of the fragments and whether endogenous 
functions differ from those of overexpressed 
proteins in heterologous systems.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

25.  Rinehart, J., Kahle, K. T., de Los Heros, 
P., Vazquez, N., Meade, P., Wilson, F. H., 
Hebert, S. C., Gimenez, I., Gamba, G., and 
Lifton, R. P. 2005, Proc. Natl. Acad. Sci. 
USA, 102, 16777. 

26.  Subramanya, A. R., Yang, C. L., Zhu, X., 
and Ellison, D. H. 2006, Am. J. Physiol. 
Renal. Physiol., 290, F619. 

27.  Liu, Z., Xie, J., Wu, T., Truong, T., 
Auchus, R. J., and Huang, C. L. 2011, 
Human molecular genetics, 20, 855. 

28.  Kahle, K. T., Rinehart, J., and Lifton, R. P. 
2010, Biochim. Biophys. Acta, 1802, 1150. 

29.  Richardson, C., Sakamoto, K., de los 
Heros, P., Deak, M., Campbell, D. G., 
Prescott, A. R., and Alessi, D. R. 2011, J. 
Cell Sci., 124, 789. 

30.  Vitari, A. C., Deak, M., Morrice, N. A., 
and Alessi, D. R. 2005, Biochem. J., 391, 17. 

31.  Vitari, A. C., Thastrup, J., Rafiqi, F. H., 
Deak, M., Morrice, N. A., Karlsson, H. K., 
and Alessi, D. R. 2006, Biochem. J., 397, 223. 

32.  Anselmo, A. N., Earnest, S., Chen, W., 
Juang, Y. C., Kim, S. C., Zhao, Y., and 
Cobb, M. H. 2006, Proc. Natl. Acad. Sci. 
USA, 103, 10883. 

33.  Darman, R. B. and Forbush, B. 2002, J. 
Biol. Chem., 277, 37542. 

34.  Flemmer, A. W., Gimenez, I., Dowd, B. F., 
Darman, R. B., and Forbush, B. 2002, J. 
Biol. Chem., 277, 37551. 

35.  Gagnon, K. B., England, R., and Delpire, 
E. 2006, Am. J. Physiol. Cell Physiol., 290, 
C134. 

36.  Rafiqi, F. H., Zuber, A. M., Glover, M., 
Richardson, C., Fleming, S., Jovanovic, S., 
Jovanovic, A., O'Shaughnessy, K. M., and 
Alessi, D. R. 2010, EMBO molecular 
medicine, 2, 63. 

37.  McCormick, J. A., Mutig, K., Nelson, J. 
H., Saritas, T., Hoorn, E. J., Yang, C. L., 
Rogers, S., Curry, J., Delpire, E., Bachmann, 
S., and Ellison, D. H. 2011, Cell metabolism, 
14, 352. 

38.  Golbang, A. P., Cope, G., Hamad, A., 
Murthy, M., Liu, C. H., Cuthbert, A. W., 
and O'Shaughnessy, K. M., 2006, Am. J. 
Physiol. Renal. Physiol., 291, F1369. 

39.  Subramanya, A. R., Liu, J., Ellison, D. H., 
Wade, J. B., and Welling, P. A. 2009, J. 
Biol. Chem., 284, 18471. 

 

10.  Zambrowicz, B. P., Abuin, A., Ramirez-
Solis, R., Richter, L. J., Piggott, J., 
BeltrandelRio, H., Buxton, E. C., Edwards, 
J., Finch, R. A., Friddle, C. J., Gupta, A., 
Hansen, G., Hu, Y., Huang, W., Jaing, C., 
Key, B. W. Jr., Kipp, P., Kohlhauff, B., Ma, 
Z. Q., Markesich, D., Payne, R., Potter, D. 
G., Qian, N., Shaw, J., Schrick, J., Shi, Z. Z., 
Sparks, M. J., Van Sligtenhorst, I., Vogel, 
P., Walke, W., Xu, N., Zhu, Q., Person, C., 
and Sands, A. T. 2003, Proc. Natl. Acad. 
Sci. USA, 100, 14109. 

11.  Xie, J., Wu, T., Xu, K., Huang, I. K., 
Cleaver, O., and Huang, C. L. 2009, Am. J. 
Pathol., 175, 1315. 

12.  Zagorska, A., Pozo-Guisado, E., Boudeau, 
J., Vitari, A. C., Rafiqi, F. H., Thastrup, J., 
Deak, M., Campbell, D. G., Morrice, N. 
A., Prescott, A. R., and Alessi, D. R. 2007, 
J. Cell Biol., 176, 89. 

13.  Moriguchi, T., Urushiyama, S., Hisamoto, 
N., Iemura, S., Uchida, S., Natsume, T., 
Matsumoto, K., and Shibuya, H. 2005, J. 
Biol. Chem., 280, 42685. 

14.  Richardson, C. and Alessi, D. R. 2008, J. 
Cell Sci., 121, 3293. 

15.  Richardson, C., Rafiqi, F. H., Karlsson, 
H. K., Moleleki, N., Vandewalle, A., 
Campbell, D. G., Morrice, N. A., and 
Alessi, D. R. 2008, J. Cell Sci., 121, 675. 

16.  Chiga, M., Rai, T., Yang, S. S., Ohta, A., 
Takizawa, T., Sasaki, S., and Uchida, S. 
2008, Kidney Int., 74, 1403. 

17.  Glover, M., Zuber, A. M., and O'Shaughnessy, 
K. M. 2009, J. Am. Soc. Nephrol., 20, 1314. 

18.  Yang, C. L., Zhu, X., and Ellison, D. H. 
2007, J. Clin Invest., 117, 3403. 

19.  Yang, C. L., Zhu, X., Wang, Z., 
Subramanya, A. R., and Ellison, D. H. 
2005, J. Clin. Invest., 115, 1379. 

20.  Huang, C. L., Kuo, E., and Toto, R. D. 2008, 
Curr. Opin. Nephrol. Hypertens., 17, 133. 

21.  Dimke, H. 2011, Pflugers Arch., 462, 767. 
22.  Glover, M. and O'Shaughnessy, K. M. 2011, 

Curr. Opin. Nephrol. Hypertens., 20, 16. 
23.  Mercier-Zuber, A. and O'Shaughnessy, K. 

M. 2011, Curr. Opin. Nephrol. Hypertens., 
20, 534. 

24.  Huang, C. L., Yang, S. S., and Lin, S. H. 
2008, Curr. Opin. Nephrol. Hypertens., 17, 
519. 

Roles of WNKs in cellular homeostasis                                                                                                      45 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

46 Samarpita Sengupta & Melanie H. Cobb 

55.  Kahle, K. T., Rinehart, J., de Los Heros, 
P., Louvi, A., Meade, P., Vazquez, N., 
Hebert, S. C., Gamba, G., Gimenez, I., and 
Lifton, R. P. 2005, Proc. Natl. Acad. Sci. 
USA, 102, 16783. 

56.  Rinehart, J., Vazquez, N., Kahle, K. T., 
Hodson, C. A., Ring, A. M., Gulcicek, E. 
E., Louvi, A., Bobadilla, N. A., Gamba, G., 
and Lifton, R. P. 2011, J. Biol. Chem., 286, 
30171. 

57 .  Lee, B. H., Min, X., Heise, C. J., Xu, B. E., 
Chen, S., Shu, H., Luby-Phelps, K., 
Goldsmith, E. J., and Cobb, M. H. 2004, 
Mol. Cell., 15, 741. 

58.  He, G., Wang, H. R., Huang, S. K., and 
Huang, C. L. 2007, J. Clin. Invest., 117, 
1078. 

59.  Verissimo, F., Silva, E., Morris, J. D., 
Pepperkok, R., and Jordan, P. 2006, 
Oncogene, 25, 4172. 

60.  Sun, X., Gao, L., Yu, R. K., and Zeng, G. 
2006, J. Neurochem., 99, 1114. 

61.  Hong, C., Moorefield, K. S., Jun, P., 
Aldape, K. D., Kharbanda, S., Phillips, H. 
S., and Costello, J. F. 2007, Proc. Natl. 
Acad. Sci. USA, 104, 10974. 

62. Bjorklund, M., Taipale, M., Varjosalo, M., 
Saharinen, J., Lahdenpera, J., and Taipale, 
J. 2006, Nature, 439, 1009. 

63.  Conery, A. R. and Harlow, E. 2010, Proc. 
Natl. Acad. Sci. USA, 107, 15455. 

64.  Tu, S. W., Bugde, A., Luby-Phelps, K., 
and Cobb, M. H. 2011, Proc. Natl. Acad. 
Sci. USA, 108, 1385. 

65.  Xu, B. E., Stippec, S., Lenertz, L., Lee, B. 
H., Zhang, W., Lee, Y. K., and Cobb, M. 
H. 2004, J. Biol. Chem., 279, 7826. 

66.  Moniz, S., Matos, P., and Jordan, P. 2008, 
Cell Signal, 20, 1762. 

67.  Moniz, S., Verissimo, F., Matos, P., 
Brazao, R., Silva, E., Kotelevets, L., 
Chastre, E., Gespach, C., and Jordan, P. 
2007, Oncogene, 26, 6071. 

68.  Zhou, B., Wang, D., Feng, X., Zhang, Y., 
Wang, Y., Zhuang, J., Zhang, X., Chen, G., 
Delpire, E., Gu, D., and Cai, H. 2011, Am. 
J. Physiol. Renal. Physiol., 302, F533. 

69.  Vitari, A. C., Deak, M., Collins, B. J., 
Morrice, N., Prescott, A. R., Phelan, A., 
Humphreys, S., and Alessi, D. R. 2004, 
Biochem. J., 378, 257. 

 

40.  Zhou, B., Zhuang, J., Gu, D., Wang, H., 
Cebotaru, L., Guggino, W. B., and Cai, H. 
2010, J. Am. Soc. Nephrol., 21, 82. 

41.  Thastrup, J. O., Rafiqi, F. H., Pozo-
Guisado, E., Deak, M., Vitari, A. C., 
Mehellou, Y., and Alessi, D. R. 2012, 
Biochem. J., 441, 325. 

42.  Rinehart, J., Maksimova, Y. D., Tanis, J. 
E., Stone, K. L., Hodson, C. A., Zhang, J., 
Risinger, M., Pan, W., Wu, D., Colangelo, 
C. M., Forbush, B., Joiner, C. H., Gulcicek, 
E. E., Gallagher, P. G., and Lifton, R. P. 
2009, Cell, 138, 525. 

43.  Balkovetz, D. F. 2009, Biochim. Biophys. 
Acta., 1788, 858. 

44.  Dorwart, M. R., Shcheynikov, N., Wang, 
Y., Stippec, S., and Muallem, S. 2007, J. 
Physiol., 584, 333. 

45 .  Yang, D., Li, Q., So, I., Huang, C. L., 
Ando, H., Mizutani, A., Seki, G., Mikoshiba, 
K., Thomas, P. J., and Muallem, S. 2011, J. 
Clin. Invest., 121, 956. 

46.  Falin, R. A., Morrison, R., Ham, A. J., and 
Strange, K. 2009, J. Gen. Physiol., 133, 29. 

47.  Hisamoto, N., Moriguchi, T., Urushiyama, 
S., Mitani, S., Shibuya, H., and 
Matsumoto, K. 2008, EMBO Rep, 9, 70. 

48.  Leng, Q., Kahle, K. T., Rinehart, J., 
MacGregor, G. G., Wilson, F. H., Canessa, 
C. M., Lifton, R. P., and Hebert, S. C. 
2006, J. Physiol., 571, 275. 

49.  Wang, H. R., Liu, Z., and Huang, C. L. 2008, 
Am. J. Physiol. Renal. Physiol., 295, F438. 

50.  Heise, C. J., Xu, B. E., Deaton, S. L., Cha, 
S. K., Cheng, C. J., Sengupta, S., Juang, Y. 
C., Stippec, S., Xu, Y., Zhao, Y., Huang, 
C. L., and Cobb, M. H. 2010, J. Biol. 
Chem., 285, 25161. 

51.  Lu, M., Wang, J., Jones, K. T., Ives, H. E., 
Feldman, M. E., Yao, L. J., Shokat, K. M., 
Ashrafi, K., and Pearce, D. 2010, J. Am. 
Soc. Nephrol., 21, 811. 

52.  Wang, W. H. and Giebisch, G. 2009, 
Pflugers Arch, 458, 157. 

53.  Chen, W., Chen, Y., Xu, B. E., Juang, Y. 
C., Stippec, S., Zhao, Y., and Cobb, M. H. 
2009, J. Biol. Chem., 284, 3453. 

54 .  Xu, B. E., Stippec, S., Chu, P. Y., Lazrak, 
A., Li, X. J., Lee, B. H., English, J. M., 
Ortega, B., Huang, C. L., and Cobb, M. H. 
2005, Proc. Natl. Acad. Sci. USA, 102, 10315. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

70.  Horita, S., Seki, G., Yamada, H., Suzuki, 
M., Koike, K., and Fujita, T. 2011, Int. J. 
Hypertens, 2011, 391762. 

71. Cheng, C. J. and Huang, C. L. 2011, J. 
Am. Soc. Nephrol., 22, 460. 

72.  An, S. W., Cha, S. K., Yoon, J., Chang, S., 
Ross, E. M., and Huang, C. L. 2011, Curr. 
Biol., 21, 1979. 

73.  Brown, E. J., Albers, M. W., Shin, T. B., 
Ichikawa, K., Keith, C. T., Lane, W. S., 
and Schreiber, S. L. 1994, Nature, 369, 756. 

74.  Tee, A. R. and Blenis, J. 2005, Semin. Cell 
Dev. Biol., 16, 29. 

75.  Zoncu, R., Efeyan, A., and Sabatini, D. M. 
2011, Nat. Rev. Mol. Cell Biol., 12, 21. 

76.  Lee, C. H., Inoki, K., and Guan, K. L. 
2007, Annu. Rev. Pharmacol. Toxicol., 47, 
443. 

77.  Corradetti, M. N. and Guan, K. L. 2006, 
Oncogene, 25, 6347. 

78.  Ikenoue, T., Inoki, K., Yang, Q., Zhou, X., 
and Guan, K. L. 2008, EMBO J., 27, 1919. 

79.  Choo, A. Y. and Blenis, J. 2009, Cell 
Cycle, 8, 567. 

80.  Xu, B. E., Stippec, S., Lazrak, A., Huang, 
C. L., and Cobb, M. H. 2005, J. Biol. 
Chem., 280, 34218. 

81.  Hsu, P. P., Kang, S. A., Rameseder, J., 
Zhang, Y., Ottina, K. A., Lim, D., 
Peterson, T. R., Choi, Y., Gray, N. S., 
Yaffe, M. B., Marto, J. A., and Sabatini, D. 
M. 2011, Science, 332, 1317. 

82.  Yu, Y., Yoon, S. O., Poulogiannis, G., Yang, 
Q., Ma, X. M., Villen, J., Kubica, N., 
Hoffman, G. R., Cantley, L. C., Gygi, S. 
P., and Blenis, J. 2011, Science, 332, 1322. 

83.  Lee, B. H., Chen, W., Stippec, S., and 
Cobb, M. H. 2007, J. Biol. Chem., 282, 
17985. 

84.  Barrios-Rodiles, M., Brown, K. R., 
Ozdamar, B., Bose, R., Liu, Z., Donovan, 
R. S., Shinjo, F., Liu, Y., Dembowy, J., 
Taylor, I. W., Luga, V., Przulj, N., 
Robinson, M., Suzuki, H., Hayashizaki, Y., 
Jurisica, I., and Wrana, J. L. 2005, Science, 
307, 1621. 

85.  Moral, Z., Dong, K., Wei, Y., Sterling, H., 
Deng, H., Ali, S., Gu, R., Huang, X. Y., 
Hebert, S. C., Giebisch, G., and Wang, W. 
H. 2001, J. Biol. Chem., 276, 7156. 

86.  Yue, P., Lin, D. H., Pan, C. Y., Leng, Q., 
Giebisch, G., Lifton, R. P., and Wang, W. 
H. 2009, Proc. Natl. Acad. Sci. USA, 106, 
15061. 

87.  Filippi, B. M., de los Heros, P., Mehellou, 
Y., Navratilova, I., Gourlay, R., Deak, M., 
Plater, L., Toth, R., Zeqiraj, E., and Alessi, 
D. R. 2011, EMBO J., 30, 1730. 

88.  Mendes, A. I., Matos, P., Moniz, S., Luz, 
S., Amaral, M. D., Farinha, C. M., and 
Jordan, P. 2011, Mol. Cell Biol., 31, 4076. 

89.  San-Cristobal, P., Pacheco-Alvarez, D., 
Richardson, C., Ring, A. M., Vazquez, N., 
Rafiqi, F. H., Chari, D., Kahle, K. T., 
Leng, Q., Bobadilla, N. A., Hebert, S. C., 
Alessi, D. R., Lifton, R. P., and Gamba, G. 
2009, Proc. Natl. Acad. Sci. USA, 106, 
4384. 

90.  Elvira-Matelot, E., Zhou, X. O., Farman, 
N., Beaurain, G., Henrion-Caude, A., 
Hadchouel, J., and Jeunemaitre, X. 2010, J. 
Am. Soc. Nephrol., 21, 1724. 

91.  Moniz, S. and Jordan, P. 2010, Cell Mol. 
Life Sci., 67, 1265. 

92.  Haas, B. R., Cuddapah, V. A., Watkins, S., 
Rohn, K. J., Dy, T. E., and Sontheimer, H. 
2011, Am. J. Physiol. Cell Physiol., 301, 
C1150. 

93.  Jun, P., Hong, C., Lal, A., Wong, J. M., 
McDermott, M. W., Bollen, A. W., Plass, 
C., Held, W. A., Smiraglia, D. J., and 
Costello, J. F. 2009, Neuro. Oncol., 11, 
414. 

94.  Qiao, Y., Liu, X., Harvard, C., Hildebrand, 
M. J., Rajcan-Separovic, E., Holden, J. J., 
and Lewis, M. E. 2008, Clin. Genet., 74, 
134. 

95.  Arion, D. and Lewis, D. A. 2011, Arch. 
Gen. Psychiatry, 68, 21. 

96.  Xiao, P., Chen, Y., Jiang, H., Liu, Y. Z., 
Pan, F., Yang, T. L., Tang, Z. H., Larsen, 
J. A., Lappe, J. M., Recker, R. R., and 
Deng, H. W. 2008, J. Bone Miner. Res., 
23, 644. 

97.  Hong-Hermesdorf, A., Brux, A., Gruber, 
A., Gruber, G., and Schumacher, K. 2006, 
FEBS Lett., 580, 932. 

98. Murakami-Kojima, M., Nakamichi, N., 
Yamashino, T., and Mizuno, T. 2002, Plant 
Cell Physiol., 43, 675. 

Roles of WNKs in cellular homeostasis                                                                                                      47 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

99.  Makino, S., Matsushika, A., Kojima, M., 
Oda, Y., and Mizuno, T. 2001, Plant Cell 
Physiol., 42, 334. 

100.  Matsushika, A., Makino, S., Kojima, M., 
and Mizuno, T. 2000, Plant Cell Physiol., 
41, 1002. 

101.  Nakamichi, N., Murakami-Kojima, M., Sato, 
E., Kishi, Y., Yamashino, T., and Mizuno, T. 
2002, Biosci. Biotechnol. Biochem., 66, 2429. 

102.  Kumar, K., Rao, K. P., Biswas, D. K., and 
Sinha, A. K. 2011, Plant Signal Behav., 6, 
316. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

103.  Park, H. Y., Lee, S. Y., Seok, H. Y., Kim, 
S. H., Sung, Z. R., and Moon, Y. H. 2011, 
Plant Cell Physiol., 52, 1376. 

104.  Wang, Y., Liu, K., Liao, H., Zhuang, C., 
Ma, H., and Yan, X. 2008, Plant Biol. 
(Stuttg), 10, 548. 

105.  Wang, Y., Suo, H., Zheng, Y., Liu, K., 
Zhuang, C., Kahle, K. T., Ma, H., and Yan, 
X. 2010, Plant J., 64, 230. 

106.  Wang, Y., Suo, H., Zhuang, C., Ma, H., 
and Yan, X. 2011, J. Plant Physiol., 168, 
2260. 

 

48 Samarpita Sengupta & Melanie H. Cobb 


