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Crosstalk between phosphorylation and ubiquitination
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Abstract. With no lysine 4 (WNK4) is a serine/threonine
kinase, which is expressed in the kidney and associated with
salt-sensitive hypertension. However, how salt regulates WNK4
remains unclear. In the present study, the C57BL/6 mice and
HEK293 cells were treated with high salt and the expression
of WNK4 protein and its ubiquitination and phosphorylation
levels were detected. Western blotting demonstrated that
WNK4 expression was significantly increased in high salttreated mice and cells. Meanwhile, co-immunoprecipitation
analysis demonstrated that the ubiquitination of WNK4 was
decreased under high-salt simulation. It was also identified
that the Lys-1023 site was the most important ubiquitination
site for WNK4, and it was found that phosphorylation at the
Ser-1022 site was a prerequisite for ubiquitination. These
results suggested that there was crosstalk between phosphorylation and ubiquitination in the WNK4 protein, and high salt
may downregulate its phosphorylation and, in turn, decrease
its ubiquitination, leading to a decrease in WNK4 degradation.
This eventually resulted in an increase in the abundance of
WNK4 protein.
Introduction
The with no lysine (WNK; including WNK1, WNK2,
WNK3 and WNK4) kinases are serine/threonine kinases
lacking an ATP-bound lysine in the catalytic domain
subtype II (1). WNK4 is highly expressed in the kidney,
where it regulates diverse ion transporters and channels,
including the Na-Cl co-transporter (NCC) (2-4). WNK4
appears to act as a molecular switch that can balance NaCl
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reabsorption and K+ secretion, thereby maintaining blood
pressure. A mutation in WNK4 (D561A) is responsible for
pseudohypoaldosteronism type II (PHA II) (5), which is
characterized by familial hyperkalemia and salt-sensitive
hypertension (6,7). Our previous study reported that
polymorphism of WNK4 was associated with hypertension (8). Therefore, it has been demonstrated that WNK4
is involved in the pathophysiological processes of fluid and
electrolyte perturbations and hypertension. Transcriptional
regulation and post-translational modification contribute
toward the regulation of protein abundance in tissues and
cells. Our previous study described several mechanisms of
WNK4 transcriptional regulation (9-11), but little is known
regarding its post-translational modification.
Ubiquitination is one of the most important post-translational modifications. It has been proposed that WNK4 is
a substrate-recognition protein of the Cullin 3-based E3
ligase complex, which targets WNK4 for ubiquitylation
and degradation. It has also been reported that WNK4
protein may be bound by Kelch-like 3 (KLHL3) and Kelchlike 2 (KLHL2) (12,13). Furthermore, impaired KLHL3 was
suggested to mediate the ubiquitination of WNK4, thereby
causing hypertension (14). This suggests that the ubiquitination and degradation of WNK4 serves important roles in
its function. However, the exact site of ubiquitination in the
WNK4 protein has remained unclear. In addition to ubiquitination, phosphorylation is also a normal post-translational
modification used in eukaryotic cells to adjust and control
the protein activity and function. Ubiquitination and phosphorylation are usually relatively independent (13,15), but
sometimes do affect each other. For example, it has been
proposed that during hypoxia, phosphorylation is required for
Na,K-ATPase ubiquitination (16). However, it has remained
unclear whether there is an interaction between ubiquitination and phosphorylation in WNK4.
It is well known that high salt levels are the primary cause
of high blood pressure (17,18); and the present study reported
that mice fed a high-salt diet have increased blood pressure as
well as increased sodium excretion (19). The purpose of the
present study was to determine how high salt regulates WNK4
expression. The aim of the present study was to identify the
site of ubiquitination in the WNK4 protein and to discover the
mechanism by which high salt levels increase WNK4 protein
through crosstalk between the ubiquitination and phosphorylation of WNK4.
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Materials and methods
Animals. Experiments were performed on 12-18-weekold C57BL/6 male mice (provided by the Department of
Laboratory Animal Science of China Medical University)
weighing 25-30 g. A total of 30 male mice were maintained
and housed in stainless steel, wire-bottomed cages on a
12-h light/dark cycle at an ambient temperature of 23±2˚C and
60% humidity. The mice were fed a diet containing either a
normal salt level (0.4% NaCl) or a high level of salt (4% NaCl)
for 2, 4, 6 and 8 weeks, and were then euthanized with
CO2 at an air replacement rate of 20%/min at the same age
(20 weeks). Water and food were provided to all animals ad
libitum. All animal experimental protocols were approved by
the Ethics Committee of Shengjing Hospital of China Medical
University.
Cell culture and stimulation. HEK293 cells were provided by
the Department of Genetics, China Medical University and
cultured in Dulbecco's modified Eagle's medium (DMEM;
Gibco; Thermo Fisher Scientific, Inc.), supplemented with
10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.), 100 µg/ml penicillin and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a
humidified atmosphere with 5% CO2 in air. Subsequently, the
cells were seeded onto a 6-well plate and treated with NaCl
(40 mM extra NaCl added to complete medium for 72 h) or
with mannitol (80 mM for 72 h) as a control. The medium was
replaced every 2 days. Mycoplasma testing was performed on
this cell line to ensure that the cells had not been contaminated by mycoplasma.
Construct of mutant plasmid vectors and transfections.
Expression plasmids for HA-tagged human WNK4 were established as previously described (8). The following primers were
used to construct the deleted plasmid vectors: K1010 forward,
5'-TGAAGAGGGACCGCAGCTTGTTGGGCGTTT-3' and
reverse, 5'-CAAGCTGCGGTCCCTCTTCAGAGATGG
GCG-3'; K1023 forward, 5'-GACTTCATCCGAACCG
GCTGAGC CTCTTCC-3' and reverse, 5'-CAGCCGGT
TCGGATGAAGTCACTTGGAAAC-3'; K1092 forward,
5'-AGATGATGGGGAACCCCAAGTTGGGGGCAG-3'
and reverse, 5'-CTTGGGGTTCCCCATCATCTCCTTCCT
CCTCA-3'; and S1022 forward, 5'-TTGGGCGTTTCCA
AGTGACTTCAAAGGAAC-3' and reverse, 5'-GGCTCA
GCCGGTTCCTTTGAAGTCACTTGG-3'
All constructs were verified by sequencing. HEK293 cells
(3x105 cells/6-cm dish) were transfected with the indicated
amount of expression constructs using the jetPRIME ®
transfection reagent (Polyplus-transfection®). Cell transfection was performed at 37˚C for 6 h, the transfection regent
was removed and fresh DMEM medium was added. At 48 h
following cell transfection, cells were used for subsequent
experimentation.
Co-immunoprecipitation (Co-IP) and western blotting
(WB). The renal samples were immediately frozen at -80˚C
after being removed from the mice. A total of 50 mg kidney
tissue was obtained and cut into pieces, followed by washing

with 1 ml PBS. Renal protein samples were prepared by
homogenizing the frozen tissues in RIPA lysis buffer (cat. no.
P0013B; Beyotime Biotechnology, Inc.) containing protease
inhibitors (cat. no. 5871S; Cell Signaling Technology, Inc.).
The cell proteins were prepared in lysis buffer containing
protease and phosphatase inhibitors. The protein concentration was determined using the Bradford method with 5% BSA
as the washing reagent. For IP, 500 ug protein samples were
pre-incubated with a primary antibody against ubiquitin (Ub;
cat. no. 3933; dilution 1:1,000; Cell Signaling Technology,
Inc.), HA-tag (cat. no. 26183; dilution 1:1,000; Thermo Fisher
Scientiﬁc, Inc.) and Phospho-(Ser/Thr) (P-S/T; cat. no. 9631S;
dilution 1:1,000; Cell Signaling Technology, Inc.) by rotating
(8 x g) at 4˚C overnight, followed by the addition of 20 µl
protein A/G PLUS-Agarose (cat. no. sc-2003; Santa Cruz
Biotechnology, Inc.; ) and a further incubation with rotation
(8 x g, 37˚C) for 1 h. A total of 500 µg of each protein sample
in 20 µl protein A/G beads was collected and washed with
lysis buffer three times. Immunoprecipitates were resolved
by 8% SDS-polyacrylamide gel electrophoresis (PAGE)
and analyzed by western blotting. For western blot analysis,
50 µg protein samples were subjected to 8 or 10% SDS-PAGE
and transferred onto polyvinylidene diﬂuoride membranes
(BioRad Laboratories, Inc.). The membranes were blocked
with 5% dry skimmed milk in TBS containing 0.1% Tween-20
(in phosphorylation experiments, the membranes were blocked
with 5% BSA buffer in TBS containing 0.1% Tween-20) and
incubated with primary antibodies against WNK4 (cat. no.
5713; dilution 1:1,000; Cell Signaling Technology, Inc.),
Phospho-(Ser/Thr) (P-S/T; cat. no. 9631S; dilution 1:1,000; Cell
Signaling Technology, Inc.), ubiquitin (Ub, cat. no. 3933; dilution 1:1,000; Cell Signaling Technology, Inc.), HA-tag (cat. no.
26183; dilution 1:1,000; Thermo Fisher Scientiﬁc, Inc.) and
GAPDH (cat. no. 60004-1-Ig; dilution 1:10,000; Proteintech
Group, Inc.), prior to being incubated with horseradish
peroxidase-conjugated secondary antibodies, goat anti-rabbit
IgG-HRP (cat. no. sc-2004; dilution 1:5,000; Santa Cruz
Biotechnology, Inc.) and goat anti-mouse IgG-HRP (cat. no.
sc-2005; dilution 1:5,000; Santa Cruz Biotechnology, Inc.) for
1 h at room temperature. The results were visualized using
an enhanced chemiluminescence kit obtained from Thermo
Fisher Scientific, Inc. Protein levels were normalized using
ImageJ software (version 1.8.0; National Institutes of Health).
Forecasting. The UbPred database (www.ubpred.org) was
used to identify the ubiquitination sites in the WNK4 protein.
Potential phosphorylation sites of WNK4 were predicted with
Netphos2.0 (www.cbs.dtu.dk/services/NetPhos/) and Musite
software (Version 1.0; Digital Biology Laboratory, Inc.).
Statistical analysis. Data are expressed as the mean ± standard error of the mean of three independent experiments. Bar
graphs were constructed using GraphPad Prism 5 (Prism 5
for Windows; GraphPad Software, Inc.). Student's unpaired
two-tailed test or one-way analysis of variance followed by
Dunnett's test was used to assess the statistical significance
of differences among different groups using the statistical
software SPSS (version 17.0 for Windows; SPSS, Inc.).
P<0.05 was considered to indicate a statistically significant
difference.
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Figure 1. High salt stimulation increases WNK4 expression in mouse kidneys and HEK293 cells. (A) Mice were fed a high salt diet for different weeks. Western
blot analysis was used to determine WNK4 protein expression in renal tissue. WT (n=6), HS (n=4). (B) Western blot analysis was used to analyze WNK4 protein expression in high-salt stimulated HEK293 cells. All experiments were repeated three times. *P<0.05; **P<0.01. WNK4, with no lysine 4; WT, wild-type.

Results
High salt increases the expression of WNK4. Mice were fed
a high-salt diet for 2, 4, 6 or 8 weeks, after which the expression of the WNK4 protein in the kidney was determined by
western blotting. The abundance of WNK4 in the kidneys of
high-salt-fed mice was significantly higher than that in the
kidney of wild-type (WT) mice (Fig. 1A). Since the level
of WNK4 increased with increasing duration of high-salt
intake, samples were selected after 8 weeks of feeding for the
follow-up experiments. Similarly, as shown in Fig. 1B, WNK4
was upregulated in HEK293 cells following salt stimulation
under different conditions (40 or 50 mM for either 48 or 72 h).
As the increase in WNK4 protein was most pronounced at
40 mM for 72 h, these conditions were used in the subsequent
experiments.
High-salt conditions reduces WNK4 ubiquitination. To determine the ubiquitination of WNK4 under high-salt conditions,
Co-IP was used to detect the interactions between WNK4
and Ub. As shown in Fig. 2A, in high-salt-fed mice, the level
of binding of Ub to WNK4 was significantly lower than
that in WT mice. In addition, in HEK293 cells transfected
with the HA-tagged WNK4 expression vector, the binding
of Ub to WNK4 was lower under high-salt simulation than
in the control cells (Fig. 2B). These findings suggested that
the increased abundance of WNK4 induced by high salt was
caused, at least in part, by a decrease in WNK4 ubiquitination
and degradation.
Identification of the ubiquitination sites in the WNK4 protein.
When attempting to determine the ubiquitination sites in
the WNK4 protein, three lysine residues (K1010, K1023 and
K1092) with high confidence scores were identified using

UbPred software, a sketch map of which is shown in Fig. 3A.
Plasmids containing WNK4 with mutations in each lysine
residue (K1010, K1023 and K1092) were constructed. WNK4
protein expression levels were greatly increased when the
K1023 lysine was deleted, but only slightly or not increased
when the K1092 or K1010 residue was deleted, compared with
the level for WT WNK4 (Fig. 3B). Next, Co-IP was used to
determine the ability of mutated WNK4 proteins to bind Ub,
and the three mutated forms of WNK4 all exhibited decreased
binding to Ub, compared with that of WT WNK4, particularly
when the K1023 site was mutated (Fig. 3C). These results
demonstrated that the K1023 site was the most important for
ubiquitination of the WNK4 protein.
Phosphorylation of WNK4 is involved in its ubiquitination.
It is known that crosstalk can occur between phosphorylation
and ubiquitination under certain conditions (16); therefore, we
hypothesized that phosphorylation of WNK4 may contribute
toward its ubiquitination under high-salt conditions. WNK4
phosphorylation was detected by Co-IP, immunoprecipitated
with anti-phosphorylated serine or threonine antibody (P-S/T)
and blotted with an anti-HA-tag antibody. As shown in Fig. 4A,
in high-salt-fed mice, WNK4 phosphorylation was significantly
decreased following high-salt stimulation, compared with the
level in unstimulated kidney; in HEK293 cells transfected
with HA-tagged WNK4 expression vector, the phosphorylation level of WNK4 was also lower under high-salt simulation
than in unstimulated HEK293 cells. Potential phosphorylation
sites of WNK4 were predicted using Netphos2.0 and Musite
software. Next, the putative phosphorylation site, S1022, was
selected to construct a site-mutated WNK4 protein, as this site
is located proximal to the K1023 ubiquitination site. Using
Co-IP, it was found that the binding of Ub to the WNK4-S1022
mutant was significantly lower than that to wild-type WNK4
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Figure 2. High-salt conditions decreased the ubiquitination of WNK4. (A) WNK4 binding to Ub was detected using Co-IP with an anti-Ub antibody followed
by western blot with an anti-WNK4 antibody in mouse kidney. WT (n=6), HS (n=4). (B) WNK4 and Ub binding was analyzed using Co-IP with an anti-HA-tag
antibody followed by western blot analysis with an anti-Ub antibody in HEK293 cells. All experiments were repeated three times. *P<0.05; **P<0.01. WNK4,
with no lysine 4; Ub, ubiquitin; Co-IP, co-immunoprecipitation; WT, wild-type; HS, high-salt; HA, human influenza hemagglutinin.

Figure 3. K1023 is the ubiquitination site of WNK4. (A) UbPred software was used to predict ubiquitination sites for WNK4. The diagram showed three high
confidence predicted ubiquitination sites for WNK4. (B) Western blotting was used to analyze WNK4 protein expression after mutation of each of the three K
residues. (C) The binding of WNK4 to Ub was detected after mutation of each of the three K residues. All trials were repeated three times. *P<0.05; **P<0.01.
WNK4, with no lysine 4; AID, auto-inhibitory domain; CCD, coiled-coil domain; Ub, ubiquitin; WT, wild-type; HA, human influenza hemagglutinin.

(Fig. 4B), implying that the phosphorylation of WNK4 at position S1022 affects the binding between WNK4 and Ub. These
findings demonstrated that the decreased phosphorylation of
WNK4 under high-salt conditions may result in its decreased
ubiquitination and this process is shown in Fig. 4C.

Discussion
The present study identified that WNK4 protein expression
was increased under high-salt conditions in mice and in vitro,
which was consistent with a previous report (20). Furthermore,
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Figure 4. WNK4 protein exhibited crosstalk between its phosphorylation and ubiquitination sites. (A) The binding of WNK4 to P-S/T was detected by coimmunoprecipitation in mice or HEK293 cells. (B) The binding of WNK4 to Ub was detected after the S1022 site was deleted. All experiments were repeated
three times. *P<0.05; **P<0.01. (C) The pattern diagram of the potential mechanism. When the salt concentration increases, the phosphorylation of WNK4
protein decreases, which in turn decreases its ubiquitination. WNK4, with no lysine 4; P-S/T, phosphorylated serine or threonine; Ub, ubiquitin; WT, wild-type;
HS, high-salt; HA, human influenza hemagglutinin.

it was demonstrated that high salt downregulated phosphorylation at the S1022 site, which in turn decreased the ubiquitination
of WNK4 protein, leading to a decrease in its degradation and
thus an increase in its abundance.
The WNK4 protein possesses a kinase domain at its
N-terminus, which is abutted by an auto-inhibitory domain
and then two putative coiled-coil domains (21). After the
first putative coiled-coil domain, there is a region called
the ‘acidic domain̓, which binds to an E3 ligase complex,
including Cullin3-KLHL3 and Cullin3-KLHL2 (22,23).
Next, WNK4 protein connects to ubiquitin molecules near
specific lysine residues. Finally, the ubiquitinated WNK4
protein is degraded by proteasomes. Numerous studies have
reported that mutant KLHL3 and Cullin3 molecules may
decrease the ubiquitination of WNK4 (24,25). In addition,
WNK4 mutations (E562K, Q565E and D561A) (5,13,26)
have been reported to inhibit the binding of WNK4 to
KLHL3; however, the exact site of ubiquitination in the
WNK4 protein remained unclear. In the present study,
UbPred software was used to predict three ubiquitination
sites with high confidence (K1010, K1023 and K1092) and
constructed the respective mutant WNK4 expression plasmids. These experiments demonstrated that deletion of the
K1023 site resulted in increased protein levels of WNK4
associated with decreased ubiquitin binding, compared with

that for wild-type WNK4. Therefore, the present study was
the first to identify an important ubiquitination site for the
WNK4 protein at K1023.
In addition to ubiquitination, phosphorylation is another
important post-translational modification affecting protein
activity and function. Protein phosphorylation may occur at
multiple amino acids, but mostly at serine or threonine (27),
and it has been reported that high salt may decrease p38
and SPAK phosphorylation (28,29). Recent evidence has
suggested that there are three primary ways in which phosphorylation regulates the ubiquitination of proteins. To begin
with, phosphorylation may positively and negatively regulate
the activity of the E3 ligase responsible for Ub transfer.
Additionally, phosphorylation promotes the identification
of E3 ligase by producing a phosphodegron. Furthermore,
phosphorylation may influence ubiquitination by regulating
the substrate/ligase interaction at the level of subcellular
compartmentalization (30,31). The present study reported that
the phosphorylation of WNK4 was significantly decreased
in HEK293 cells following high-salt stimulation, compared
with that in unstimulated HEK293 cells, which is similar to
reports suggesting that high salt decreases SPAK phosphorylation (29). We hypothesized that the phosphorylation of WNK4
contributes toward the process of WNK4 ubiquitination
during high-salt stimulation. In certain proteins, the ubiqui-
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tination and phosphorylation sites are thought to be adjacent
to each other (16,31,32). Therefore, using the phosphorylation
sites predicted by Musite and Netphos2.0 software, the phosphorylation site that was nearest to the K1023 ubiquitination
site was selected to be mutated. It was observed that WNK4S1022 exhibited decreased binding to Ub, suggesting that
phosphorylation of S1022 was required for the ubiquitination
of WNK4. Although the results of the present study demonstrated that high-salt conditions may decrease phosphorylation
of the WNK4 protein, it is not possible to determine whether
this was due to a decreased phosphorylation or increased
dephosphorylation. Further studies are required to investigate
whether phosphorylation or dephosphorylation involved in this
process.
In conclusion, the results of the present study demonstrated
that high-salt conditions would result in increased expression
of WNK4 protein. The mechanism behind this may involve
high salt inhibiting the ubiquitination of the WNK4 protein
by decreasing its phosphorylation, which then decreases the
degradation of WNK4 and eventually results in an increases
level of it. These findings suggested that salt-sensitive hypertension may be successfully addressed through the targeted
treatment of WNK4 protein ubiquitination or pharmacological
inhibition of the WNK4 protein.
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