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WNK1 is required for proliferation induced by 
hypotonic challenge in rat vascular smooth muscle 
cells
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Abstract
Hypotonic challenge evoked vascular cell proliferation through activation of volume-regulated Cl– channel (VRCC), leading to a decrease 
in the intracellular Cl– concentration ([Cl–]i). We hypothesize that the decrease in [Cl–]i may activate one or several Cl–-sensitive kinases, 
resulting in a subsequent signaling cascade. In this study we demonstrated that WNK1, a Cl–-sensitive kinase, was involved in VRCC-
induced proliferative signaling pathway in A10 vascular smooth muscle cells in vitro. A10 cells were exposed to a hypotonic challenge 
(225 mosmol·kg-1·H20), which caused significantly increase in WNK1 phosphorylation without altering WNK1 protein expression. WNK1 
overexpression significantly increased hypotonic-induced A10 cell proliferation, whereas silencing of WNK1 caused an opposite action. 
WNK1 mutation did not affect hypotonic-induced WNK1 phosphorylation and cell proliferation. Silencing of WNK1 caused cell cycle 
arrest at G0/G1 phase and prevented transition from G1 to S phase, whereas the WNK1 overexpression accelerated cell cycle transition 
from G1 to S phase. Silencing of WNK1 significantly inhibited cyclin D1/cyclin E1 expression and increased p27KIP/p21CIP expression. 
WNK1 overexpression significantly increased cyclin D1/cyclin E1 expression and reduced p27KIP/p21CIP expression. In addition, WNK1 
knockdown or overexpression significantly attenuated or increased the hypotonic-induced phosphorylation of Akt and PI3K respectively.
In conclusion, the reduction in [Cl–]i caused by hypotonic challenge-induced VRCC opening evokes WNK1 phosphorylation in A10 
VSMCs, which mediates cell cycle transition from G0/G1 to S phase and proliferation through the PI3K-Akt signaling pathway.
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Introduction
In the healthy cell, the cell volume remains stable.  However, 
alterations in cell volume occur in many physiological and 
pathophysiological processes, such as cell differentiation, 
proliferation, migration, and apoptosis[1, 2].  A swollen cell can 
return to normal size via regulatory volume decrease (RVD).  
K+ and Cl- flow out through channels or transporters, resulting 
in the passive transport of water out of cells[3, 4].  As an anion 
channel, the volume-regulated Cl- channel (VRCC) is involved 
in volume-activated Cl- transport from inside the cell to outside 
the cell.  During the return of the cell to a normal volume, Cl- 
efflux is regulated by VRCC[1, 3-5].  As is generally understood, 
VRCC mediates cell swelling-dependent physiological and 
pathophysiological processes.  Our previous study revealed 

that hypotonic challenge evoked vascular smooth muscle cell 
(VSMC) proliferation, macrophage-derived foam cell forma-
tion and inflammation through the activation of VRCC.  These 
hypotonic challenge effects were associated with a decrease of 
the intracellular Cl- concentration ([Cl-]i)[5-9].  The mechanisms 
of the response to alterations in [Cl-]i induced by VRCC are 
unknown.  We propose that the decrease in [Cl-]i may activate 
one or more Cl- sensitive kinases, resulting in a subsequent 
signaling cascade.  It has been shown that some kinases and 
proteins are sensitive to Cl-[10].  Some studies have shown that 
WNK1 [with-no-lysine (K)-1], which belongs to the WNK ser-
ine/threonine kinase family, is sensitive to Cl-.  WNK1 exists 
in the cardiovascular system, including the heart, vessels and 
endothelium, and mediates hypertension-hyperkalemia syn-
drome, cardiac growth, control of blood pressure and postnatal 
angiogenesis[11-16].  We have demonstrated that exposure to a 
hypotonic solution evoked VRCC activity and Cl- efflux in A10 
vascular smooth muscle cells (A10 VSMCs; rat aortic smooth 
muscle cell line).  Therefore, in this study, we investigated 
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whether WNK1, a chloride sensor, is involved in the VRCC-
induced proliferative signaling pathway in A10 VSMCs.  Our 
results strongly suggest that VRCC reduces [Cl-]i, leading to 
the activation of WNK1 through phosphorylation.  Activated 
WNK1 further evokes a downstream signaling cascade, result-
ing in cell proliferation.

Materials and methods 
Solution preparation
A hypotonic solution was made by adding 75 mL of H2O to 
225 mL of DMEM/F12 medium.  The solution osmolarity, 
as measured with a freezing point depression osmometer 
(OSMOMAT030, Gonotec, GmbH,  Berlin,  Germany), was 225 
mosmol·kg-1·H2O.  The control isotonic medium contained 225 
mL of DMEM/F12 medium plus 75 mL of a mannitol solution 
(which contained, in mmol/L: NaCl 110.8, KCl 2.5, MgCl2 0.5, 
CaCl2, HEPES 10, glucose, mannitol 75, pH 7.4), and the final 
osmotic pressure was 300 mosmol·kg-1·H2O.

Cell culture
The culture of A10 VSMCs from American Type Culture Col-
lection (Rockville, MD, USA) was carried out as previously 
described[5].  Briefly, A10 cells were grown in Dulbecco’s 
modified Eagle’s medium/F12 medium with 10% new-born 
calf serum (NCS), 100 μg/mL streptomycin, and 100 U/mL 
penicillin.  Cultures were maintained at 37 °C in a humidified 
incubator in a 95% O2 plus 5% CO2 atmosphere.

The construction and transfection of plasmids and site-directed 
mutants
Cells were plated in 35-mm tissue culture plates.  After 24 h, 
cells were transfected with 1 µg/mL of the Prk5-h WNK1 cDNA 
plasmid (the prk5-hWNK1 cDNA plasmid was kindly provided 
by Dr SHIBUYA, Medical Research Institute Tokyo Medical and 
Dental University), which contains a full-length hWNK1 cDNA 
and a prk5 vector.  The vector contains an ampicillin-resistant 
marker.

The mutation of tyrosine 60 in hWNK1 (T60A) was gen-
erated by site-directed mutagenesis.  The primers for the 
site-directed mutagenesis of hWNK1 were: T60A: forward, 
5’-CCGCCGCCACGCTATGGACAAGGAC-3’, reverse, 
5’-GTCCTTGTCCATAGCGTGGCGGCGG-3’.[17]  Transfection 
was performed with Lipofectamine 2000 reagent according 
to the manufacturer’s instructions (Life Technologies, Inc, 
Invitrogen, CA, USA).  Expression of the hWNK1 protein was 
detected by Western blot analysis.  cDNA and Lipofectamine 
were diluted in Opti-MEMI and mixed 5 min later.  After 5 
min, they were allowed to combine for 25 min at room tem-
perature to allow the formation of transfection complexes .  
The complexes were then added to the cells.  After incubation 
for 5–7 h at 37 °C, the transfection mixture was removed and 
the cells were further incubated under normal growth condi-
tions before being used for experiments.

siRNA transfection
Anti-WNK1 siRNA and negative siRNA were transfected 

into A10 cells by using hiperfect transfection reagent accord-
ing to the protocol previously described[7].  Antisense and 
sense oligonucleotides corresponding to the initiation codon 
region of rat WNK1 mRNA were synthesized (Invitrogen Life 
Technologies, Inc., Carlsbad, CA, USA).  The sequence of the 
stealth siRNA duplex oligoribonucleotides against the WNK1 
gene (GenBank Accession No.  NM_116477) is 5’-GGUGUCG-
GCAAAUCCUUAATT-3’.  The corresponding complementary 
strand is 5’-UUAAGGAUUUGCCGACACCTT-3’.  A total of 
20 nmol/L WNK1 siRNA was transiently transfected with hip-
erfect according to the manufacturer’s instructions.  The nega-
tive stealth siRNA sequence was used as a control.  Briefly, 
siRNA and hiperfect were diluted in Opti-MEMI (Invitrogen 
Life Technologies, Inc) and then combined for 20 min at room 
temperature to allow for the formation of transfection com-
plexes.  Complexes were added to the cells while they were 
in the quiescent state; they were then swirled gently to ensure 
uniform distribution.  After incubation for 6–8 h at 37 °C, the 
transfection mixture was removed and the cells were further 
incubated under normal growth conditions before being used 
for experiments.

Western blot analysis 
To examine related protein expression, A10 VSMCs were 
rinsed with ice cold phosphate-buffered saline (mmol/L: 
NaCl 140, KCl 2.6, KH2PO4, Na2HPO4, pH 7.2).  The lysis 
buffer consisted of (mmol/L): Tris-HCl 50, NaCl 150, NaN3 
0.02%, Nonidet P-40 1%, SDS 0.1%, sodium deoxycholate 
0.5%, and 1% protease inhibitor cocktail (Sigma Chemical, 
St Louis, MO, USA).  The protein content of cell lysates was 
quantified with a BCA Protein Assay Kit (Thermo Scientific), 
separated by SDS-PAGE, and transferred to polyvinylidene 
fluoride (PVDF) membranes (Millipore Corp., Bedford, MA, 
USA).  The membranes were blocked at room temperature for 
1 h in 5% skim milk diluted in TBST (140 mmol/L NaCl, 49.6 
mmol/L Tris, 0.1% Tween, pH 7.5), incubated for 1 h at room 
temperature with primary antibodies, and then incubated with 
the appropriate secondary peroxidase-conjugated antibodies 
(HRP-linked anti-rabbit or anti-mouse secondary antibody and 
HRP-linked anti-biotin antibody, 1 h at room temperature).  
Final blots were examined with a BIO-RED Molecular Imager, 
ChemiDoc XRS+.  The density of the bands was scanned and 
analyzed with Image-J software[18].  In this study, anti-WNK1 
and anti-WNK1 (phospho Thr58) antibodies were purchased 
from Abcam plc (Cambridge, UK) and the antibody against 
α-tubulin was purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA); cyclinD1, cyclinE1, p27KIP, Akt, 
phospho-AKT (Ser473), total PI3K, phospho-PI3K (Tyr458), 
and peroxidase-conjugated antibodies (HRP-linked) were 
purchased from Cell Signaling Technology, Inc (China).  p21CIP 
was from Millipore (Darmstadt, Germany).

Proliferation assay
Cell proliferation was assessed by 5-bromo-2’-deoxyuridine 
(BrdU) incorporation as we reported previously[7].  For the cell 
counts, A10 cells were trypsinized and plated into 96-well cul-
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ture plates at a density of 1×105–1.5×105 cells in DMEM/F-12 
supplemented with 10% NCS .  After 24 h, cells were rendered 
quiescent in 0.5% NCS for 24 h before the addition of fresh 
growth medium containing the appropriate supplements.  
The cell number was determined in triplicate using a hemo-
cytometer.  After transfection with WNK1 cDNA or siRNA, 
A10 cells were cultured under hypotonic conditions for 48 h.  
DNA synthesis was assessed by BrdU incorporation.  Cells 
were treated with the same supplements used in the cell count 
experiment before adding 10 mmol/L BrdU to the medium; 18 
h later, cells were fixed and treated with anti-BrdU POD for 1 
h at room temperature.  The antibody conjugate was removed 
by washing cells three times with 200–300 μL/well of washing 
solution.  A total of 100 μL of substrate solution was added 
to each well, cells were incubated for 10 min and then 25 μL/
well of 1 mol/L H2SO4 was added.  The incorporation was 
measured at 450 nm on an ELISA microplate reader (BIO-TEK 
synergyHT, American)[19].

Flow cytometry for cell cycle analysis
The cell cycle status was evaluated by flow cytometry as 
described previously[20].  Briefly, A10 VSMCs were cultured in 
35-mm culture plates, and then prk5-hWNK1 cDNA or WNK1 
siRNA were transfected into cells, followed by incubation in 
hypotonic medium for 48 h.  A10 VSMCs were then collected 
by trypsin digestion and centrifugation at 200×g for 5 min at 
4 °C.  Granules were washed once with ice-cold phosphate-
buffered saline (PBS) and fixed in 70% ethanol for 24 h.  Sam-
ples were then stained with staining buffer (PBS containing 50 
μg/mL propidium iodide, 10 μg/mL RNase A, 0.1% sodium 
citrate and 0.1 Triton X-100).  The DNA content was analyzed 
by flow cytometry (EPICS XL, Beckman Coulter, Miami, FL, 
USA) to reveal the population fraction in each phase of the cell 
cycle.  Propidium iodide uptake was determined using fluo-
rescence activated cell sorting.

Statistical analysis
All data are represented as the mean±SEM.  Statistical signifi-
cance was tested by Student’s t-test or one-way analysis of 
variance followed by Duncan’s multiple range tests.  P<0.05 
was considered significant.

Results
Hypotonic solution evoked phosphorylation of WNK1
As shown in Figure 1A, the Western blot results demonstrated 
that endogenous WNK1 was expressed in A10 VSMCs.  When 
exposed to hypotonic challenge, WNK1 was significantly 
phosphorylated within 0.5 min and phosphorylation reached 
a maximum within 1 min. The WNK1 phosphorylation level 
increased from 1.01±0.02 to 1.39±0.05  in 0.5 min and reached 
a maximum of 1.60±0.09 in 1 min (P<0.01 vs isotonic group, 
n=6).  However, the hypotonic solution did not alter WNK1 
protein expression (Figure 1B).  The hypertonic solution did 
not induce the phosphorylation of WNK1 or change WNK1 
expression (Figure 1C, D).

Effect of WNK1 on hypotonic-induced proliferation
As the previous study shown, the hypotonic solution evoked 
proliferation in VSMCs[7].  In addition, as shown above, after 
exposure to the hypotonic solution, WNK1 was significantly 
phosphorylated.  These results urged us to examine whether 
WNK1 exerts an effect on hypotonic-induced proliferation in 
A10 VSMCs.  Our result demonstrated that overexpression 
of hWNK1 further increased proliferation induced by hypo-
tonic challenge from 121.94%±3.90% to 137.92%±3.44% (n=6; 
P<0.05 vs vector; Figure 2C).  By contrast, silencing of WNK1 
by siRNA significantly reduced hypotonic proliferation from 
130.84%±4.62% to 107.61%±2.99% (n=6; P<0.01 vs negative 
control; Figure 2D).  Cell proliferation was not changed in the 
vector and negative control groups.

Influence of the T60A mutation on proliferation and WNK1 
phosphorylation
It was suggested that tyrosin 60 in hWNK1 was the func-
tional phosphorylation site, which was the same as T58 of 
rat WNK1[17].  In order to further confirm VRCC-induced cell 
proliferation through WNK1 phosphorylation, we examined 
whether the T60A mutation could influence WNK1 phos-
phorylation and cell proliferation.  As shown in Figure 3, 
overexpression of hWNK1 (T60A) increased protein expres-
sion to 2.24±0.45 (P<0.05 vs isotonic; n=5).  However, it did not 
further increase the WNK1 phosphorylation level induced by 
the hypotonic solution.  The WNK1 phosphorylation levels in 
the control, vector and T60A groups were 1.71±0.15, 1.76±0.14 
and 1.72±0.18, respectively (P<0.05; n=4).  Additionally, over-
expression of hWNK1 (T60A) did not further accelerate hypo-
tonic cell proliferation.  Hypotonic-induced proliferation in the 
control, vector and T60A groups was 150.64%±6.66%, 152.38% 
±7.91% and 153.23%±8.50%, respectively (P>0.05; n=6).

Effect of WNK1 on the cell cycle in hypotonic challenged A10 cells
As shown in Figure 4, hypotonic challenge promoted cell cycle 
transition from G0/G1 phase to S phase.  The hypotonic solu-
tion decreased the percentage of cells in G0/G1 phase from 
84.35%±1.22% to 71.91%±1.83%, and increased the percentage 
of cells in S phase from 8.80%±0.94% to 23.17%±1.85%.  Over-
expression of WNK1 accelerated the effect of the hypotonic 
solution on cell cycle transition.  The percentage of cells in 
G0/G1 phase was further decreased from 71.91%±1.83% to 
55.10%±1.02%, and the percentage of cells in S phase was fur-
ther elevated from 23.17%±1.85% to 32.66%±0.98% (P<0.05 vs 
hypotonic group; n=7; Figure 4A).  By contrast, silencing of 
WNK1 decreased the effect of the hypotonic solution on cell 
cycle transition.  The percentage of cells in G0/G1 phase was 
further increased from 66.81%±1.32% to 81.25%±1.46%, and 
the percentage of cells in S phase was significantly decreased 
from 25.32%±2.43% to 13.11%±1.88% (P<0.01 vs hypotonic 
group; n=7; Figure 4B).

Effects of WNK1 on cell cycle regulators
Cell cycle transition from G0/G1 phase to S phase is positively 
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Figure 1.  Hypotonic challenge evoked WNK1 phosphorylation.  (A) WNK1 (T58) phosphorylation (p-WNK1) was evoked by hypotonic solution exposure 
from 0.5 to 3 min.  The hypotonic solution noticeably increased the WNK1 phosphorylation level within 0.5 min from 1.01±0.02 to 1.39±0.05 and up 
to 1.60±0.09 in 1 min (**P<0.01 vs isotonic group. Mean±SEM. n=6).  A representative Western blot and densitometric analysis of p-WNK1 are shown.  
(B) Expression of WNK1 protein induced by the hypotonic solution.  Densitometric analysis revealed that the hypotonic solution did not change WNK1 
protein expression (P>0.05 vs isotonic group. Mean±SEM. n=5).  (C and D) Compared with the isotonic solution, the hypertonic solution did not alter 
the p-WNK1 and WNK1 expression levels, whereas the hypotonic solution enhanced the p-WNK1 level (**P<0.01 vs Isotonic group. Mean±SEM. n=5).  
Abbreviations: Iso, isotonic solution; Hypo, hypotonic solution; hyper, hypertonic solution.
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Figure 2.  Effect of WNK1 on cell proliferation induced by the hypotonic solution.  (A) Expression of WNK1 in hWNK1 cDNA transfected cells.  A10 
VSMCs were transfected with hWNK1 cDNA (1 µg/mL) for 48 h.  Expression of WNK1 was determined by Western blot.  Densitometric analysis revealed 
that WNK1 expression was significantly increased from 1.07±0.03 to 1.88±0.21 (**P<0.01 vs vector group. Mean±SEM. n=5).  (B) Expression of WNK1 
in A10 VSMCs exposed to WNK1 siRNA at 20 nmol/L for 48 h.  Compared with the negative group, WNK1 expression was remarkably reduced from 
1.14±0.07 to 0.31±0.04 (**P<0.01 vs negative siRNA group. Mean±SEM. n=4).  (C) The hypotonic solution evoked cell proliferation by 123.67%±4.03%.  
Overexpression of WNK1 further increased hypotonic proliferation from 123.67%±4.03% to 137.92%±3.44% (**P<0.01 vs vector group in the isotonic 
group. ##P<0.01 vs vector in the hypotonic group. Mean±SEM. n=6).  (D) Silencing of WNK1 reduced hypotonic proliferation to 107.61%±2.98% (##P<0.01 
vs negative siRNA in the hypotonic group. Mean±SEM. n=6).

regulated by cyclins and cyclin-dependent kinases, including 
cyclinD1 and cyclinE1, and negatively controlled by cyclin-
dependent kinase inhibitors, including p21CIP and p27KIP.  As 
shown in Figure 5, the hypotonic solution increased cyclinD1 
and cyclinE1 expression from 1.06±0.04 and 1.01±0.06 to 
1.74±0.14 and 1.67±0.14, respectively (P<0.01, vs vector; n=7) 
and inhibited p21CIP and p27KIP expression from 1.04±0.03 and 

1.03±0.02 to 0.64±0.06 and 0.66±0.05, respectively (P<0.01, 
vs vector; n=6).  Overexpression of WNK1 further increased 
hypotonic-induced cyclinD1 and cyclinE1 expression to 
2.46±0.25 and 2.50±0.31, respectively (P<0.01, vs vector; n=7).  
By contrast, silencing of WNK1 decreased expression of 
cyclinD1 and cyclinE1 from 1.83±0.18 and 1.99±0.25 to 1.17 ± 
0.18 and 1.38±0.17, respectively (P<0.01, vs vector; n=6).  The 
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Figure 3.  T60A mutation did not significantly influence hypotonic-induced phosphorylation and proliferation.  (A) Western blot and densitometric 
analysis demonstrated that transfection of hWNK1 (T60A) increased WNK1 protein to 2.24±0.45 (*P<0.05 vs isotonic; n=5).  (B) Hypotonic challenge 
for 1 min significantly increased WNK1 phosphorylation to 1.72±0.18.  Transfection of hWNK1(T60A) did not further increase the phosphorylation 
level under hypotonic conditions (*P<0.05 vs isotonic. Mean±SEM. n=4).  Representative Western blot and densitometric analysis of p-WNK1 level are 
shown.  (C) BrdU incorporation revealed that the hypotonic solution increased cell proliferation to 150.64%±6.66%, which was not further enhanced by 
transfection with hWNK1(T60) (Mean±SEM. n=6).

hypotonic inhibitory effects on the expression of p21CIP and 
p27KIP were reversed by silencing of WNK1 from 0.66±0.07 and 
0.61±0.09 to 0.98±0.07 and 0.91±0.13, respectively (P<0.01, vs 
vector; n=7).  In the isotonic solution, WNK1 did not influence 
the expression of any of the cell cycle factors.

Effect of WNK1 on Akt phosphorylation
Cell cycle factors are regulated by the Akt signaling path-
way.  Therefore, we determined whether WNK1 changes the 
expression of cell factors through the Akt pathway.  As shown 
in Figure 6, overexpression of WNK1 accelerated Akt phos-
phorylation induced by the hypotonic solution from 1.74±0.15 
to 2.68±0.38 (Figure 5A, P<0.01, vs vector; n=6).  Hypotonic-
induced Akt phosphorylation was inhibited by the silencing of 
WNK1 from 1.63±0.17 to 1.19±0.13 (Figure 6C, P<0.01, vs vec-

tor; n=6).  Neither knockdown nor overexpression of WNK1 
altered Akt protein expression or the Akt phosphorylation 
level under isotonic conditions.

Effects of WNK1 on PI3K-p85 phosphorylation
As shown in Figure 7, hypotonic challenge for 1 min signifi-
cantly increased PI3K p85 phosphorylation (p-PI3K) from 
1.04±0.07 to 1.70±0.13 (P<0.01 vs vector; n=5).

Hypotonic-induced p-PI3K-p85 was further increased from 
1.70±0.13 to 2.11±0.14 by the overexpression of WNK1 (P<0.01 
vs vector group; n=5).  By contrast, silencing of WNK1 reduced 
p-PI3K-p85 from 1.70±0.13 to 1.18±0.16 (P<0.01 vs negative 
group; n=5).

Under isotonic conditions, WNK1 did not influence the rest-
ing PI3K-p85 phosphorylation level or protein expression.
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Discussion
Cl- is a main anion in intracellular plasma.  It mediates mem-
brane potential, intracellular pH, and cell growth, and also 
maintains the intracellular pH[10, 21].  In most cells, although 
the extracellular Cl- concentration is 150 mmol/L, the [Cl-]i  
level is maintained at 30 to 60 mmol/L[16].  Based on the cal-
culation of the Nernst formula, 15 mmol/L [Cl-]i is sufficient 
to maintain electrochemical equilibrium in VSMCs[22, 23].   
Thus, Cl- channel opening can lead to Cl- efflux and the 

decrease of [Cl-]i.
Our previous study showed that hypotonic challenge 

evoked VSMC proliferation through the activation of VRCC, 
resulting in Cl- efflux and the decrease of [Cl-]i

[5-7].  However, 
it is not clear how VRCC-induced low [Cl-]i gives rise to cell 
proliferation.  Recently, many Cl--binding and Cl--regulated 
proteins have been shown to be associated with physiologi-
cal and pathophysiological processes[10, 24, 25].  Therefore, we 
postulate that VRCC-induced low [Cl-]i may activate one or 

Figure 4.  WNK1 enhanced cell cycle transition induced by the hypotonic solution.  (A) Hypotonic-induced cell cycle transition was detected by flow 
cytometric analysis.  Densitometric analysis demonstrated that the hypotonic solution accelerated cell cycle transition from G0/G1 phase to S phase 
(**P<0.01 vs vector in the isotonic group), which was further increased by overexpression of WNK1 (##P<0.01 vs vector in the hypotonic group. 
Mean±SEM. n=7).  (B) Silencing of WNK1 by WNK1-siRNA transfection reduced the cell cycle transition induced by the hypotonic solution.  (**P<0.01 vs 
negative in the isotonic group. ##P<0.01 vs negative in the hypotonic group. Mean±SEM. n=7)
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Figure 5.  Effects of WNK1 on cell cycle regulatory proteins.  (A, C) Overexpression of WNK1 enhanced the expression of cyclin D1 and cyclin E1, 
and reduced p21 and p27 expression induced by the hypotonic solution.  (B, D) Silencing of WNK1 reduced cyclin D1 and cyclin E1 expression and 
increased p21CIP and p27KIP expression.  n=6–7. Mean±SEM.  **P<0.01 vs vector in the isotonic group.  ##P<0.01 vs vector in the hypotonic group.  
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Figure 6. Effect of WNK1 on Akt phosphorylation.  (A) Hypotonic challenge for 1 min significantly increased the Akt phosphorylation (p-Akt) level 
from 0.92±0.08 to 1.74±0.15 (**P<0.01 vs vector in the isotonic group), which was further enhanced by hWNK1 cDNA transfection for 48 h from 
1.74±0.15 to 2.68±0.38 (##P<0.01 vs vector in the hypotonic group).  The vector did not change the p-Akt level. A representative Western blot and 
densitometric analysis of p-WNK1 are shown.  (B) Hypotonic solution exposure or overexpression of WNK1 did not alter Akt expression.  A representative 
Western blot and densitometric analysis of Akt expression are shown.  (C) Silencing of WNK1 significantly reduced p-Akt induced by the hypotonic 
solution from 1.63±0.17 to 1.19±0.13 (#P<0.05 vs negative in the hypotonic group).  Negative siRNA did not change the p-Akt level.  A representative  
Western blot and densitometric analysis of p-Akt are shown.  (D) Silencing of WNK1 did not alter Akt expression.  A representative Western blot and 
densitometric analysis of Akt expression are shown. Mean±SEM. n=6.
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Figure 7.  Effects of WNK1 on PI3K phosphorylation and expression.  (A) Hypotonic challenge for 1 min significantly increased PI3K-p85 phosphorylation 
(p-PI3K) from 1.04±0.07 to 1.70±0.13 (**P<0.01 vs vector in the isotonic group; n=5).  Overexpression of WNK1 further increased p-PI3K to 
2.11±0.14 (#P<0.05 vs vector in the hypotonic group; n=5).  Treatment with the vector did not influence the p-PI3K level.  A representative Western 
blot and densitometric analysis of p-PI3K level are shown.  (B) Western blot and densitometric analysis demonstrated that both exposure to the 
hypotonic solution and overexpression of WNK1 did not alter PI3K p-85 protein expression. (C) Silencing of WNK1 by transfection with WNK1 siRNA 
for 48 h remarkably reduced the increase in p-PI3K induced by the hypotonic solution treatment from 1.70±0.13 to 1.18±0.16 (#P<0.05 vs negative 
in the hypotonic group; n=5).  Negative siRNA did not change the increase of the p-PI3K level induced by the hypotonic solution.  Western blot and 
densitometric analysis of p-PI3K are shown.  (D) Western blot and densitometric analysis demonstrated that neither the hypotonic solution nor the 
silencing of WNK1 altered PI3K p-85 protein expression. Mean±SEM.
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more Cl- sensitive kinases, resulting in a subsequent signaling 
cascade.  WNKs are part of a large family of serine/threonine 
protein kinases that contains four members: WNK1-4.  WNK1 
is widely expressed in diverse tissues and cells, with the high-
est levels found in the testis, heart, kidney, skeletal muscle 
and VSMCs.  WNK1 is characterized by autophosphoryla-
tion.  When Cl- directly binds to the catalytic site of WNK1, 
WNK1 is in an inactive state due to the blockade of autophos-
phorylation[16, 26].  It has been revealed that WNK1 regulates 
vasoconstriction in response to α1-adrenergic stimulation, 
suggesting that WNK1 mediates a vascular signaling path-
way[27].  In this study, we first demonstrated that WNK1 was 
endogenously expressed in A10 VSMCs and that a hypotonic 
challenge could evoke WNK1 phosphorylation without any 
alteration in WNK1 expression.  The hypertonic solution did 
not evoke WNK1 phosphorylation.  In our previous study, 
it was revealed that hypotonic challenge, but not hypertonic 
challenge, reduced [Cl-]i

[5-7].  These results suggested that 
VRCC-induced low [Cl-]i can evoke WNK1 phosphorylation 
in A10 cells.  If it is true that VRCC-induced low [Cl-]i acti-
vates WNK1 by removing the autophosphorylation blockade, 
activated WNK1 should be involved via a signaling cascade 
that eventually leads to cell proliferation.  Therefore, we deter-
mined whether WNK1 is involved in vascular cell cycle transi-
tion and proliferation induced by hypotonic solution.  It was 
found that hypotonic challenge led to cell cycle transition from 
G0/G1 to S phase and to cell proliferation.  These responses 
to the hypotonic solution were further enhanced by the over-
expression of WNK1 and reduced by silencing of WNK1.  
Furthermore, WNK1 mutation did not affect phosphorylation 
and cell proliferation.  This finding indicates that WNK1 is 
involved in hypotonic challenge-induced cell cycle transition 
and proliferation.  Cell cycle transition from G0/G1 to S phase 
is regulated by cell cycle factors.  Third, our results further 
showed that the hypotonic solution increased cyclin D1 and 
cyclin E1 expression and inhibited the expression of p21CIP and 
p27KIP.  These hypotonic effects were strengthened by WNK1 
overexpression and diminished by silencing of WNK1, indi-
cating that these hypotonic effects on cell cycle factors were 
dependent on WNK1.  It is known that VRCC activates the 
PI3K-Akt signaling pathway, which mediates cell cycle G1/
S transition by influencing the expression of cell cycle fac-
tors[20].  Finally, we determined the role of WNK1 in the PI3K-
Akt signaling pathway activated by the hypotonic solution.  
Hypotonic solution-induced phosphorylation of Akt and PI3K 
was further increased by WNK1 overexpression and inhibited 
by silencing of WNK1.  The results revealed that WNK1 medi-
ated activation of the PI3K-Akt signaling pathway, which was 
induced by VRCC.

Altogether, these data indicate that hypotonic challenge acti-
vates VRCC, leading to Cl- efflux and to a decrease in [Cl-]i in 
A10 VSMCs.  WNK1 is phosphorylated, resulting in cell cycle 
transition from G0/G1 to S phase and proliferation through the 
PI3K-Akt signaling pathway.

We noted the different reports in which the decrease in 

intracellular Cl- concentration induced by a low chloride 
medium inhibited cell cycle transition from G0/G1 to S phase, 
as well as cell growth through the activation of the p38 and/
or JNK cascades and the diminution of CDK2 and phosphory-
lated Rb in human gastric cancer cells[28].  This discrepancy 
may arise from the different manner of induction of low [Cl-]i.  

Our previous study showed that although VRCC and the Ca2+-
activated Cl- channel, which are two different Cl- channels, 
could cause Cl- efflux and low [Cl-]i, VRCC evoked prolifera-
tion and the Ca2+-activated Cl- channel inhibited proliferation 
induced by angiotensin II in VSMCs[6, 18].  The responses to low 
[Cl-]i may be involved in many signaling pathways.  Low Cl- 
medium promoted endothelial cell inflammation by activating 
the nuclear factor-κB pathway[9], and foam cell formation by 
low Cl− medium was mediated by activation of JNK and the 
p38 mutagen-activated protein kinesis pathway[29].  Therefore, 
another possibility is that the signaling pathways involved in 
low [Cl-]i are various because of the cell type or tissue proper-
ties.

Additionally, we noted that WNK1 was activated by hyper-
tonic stress in kidney epithelial cells, as well as breast and 
colon cancer cell lines[30].  WNK1 is clustered into a tetramer in 
these cells and kept inactive.  Within the tetramer, one WNK1 
autophosphorylation domain may depress WNK1 activity[31].  
Thus, hypertonic stress may induce a conformational change 
of WNK1 from a tetramer to a monomer, leading to WNK1 
activation.  Another possibility is that hypertonic stress accel-
erates WNK1 interactions with other kinases and leads to 
activation.  Hypertonic stress leads to the physical interaction 
of germinal center kinases with WNK1, resulting in the two 
kinases functioning together in a common signaling cascade[32].  
Therefore, these findings indicate that WNK1 phosphorylation 
induced by hypertonic stress is not related to the alteration of 
[Cl-]i because the current results and our previous data demon-
strate that hypertonic stress does not change the [Cl-]i level[5-7] 
and induces WNK1 phosphorylation.

It is well known that VSMC proliferation is required for 
the progression of atherosclerosis, hypertension and vascular 
remodeling.  Our present results suggest that vascular prolif-
eration can be inhibited through the blockage of WNK1 phos-
phorylation.  In addition, recently, we found that the WNK1 
phosphorylation level was significantly increased in the basi-
lar artery in angiotensin II-induced cerebrovascular remodel-
ing mice (unpublished data).  Thus, WNK1, as a new target, 
may provide a new strategy for the treatment of proliferative 
vascular diseases.

In summary, the present study demonstrates that VRCC 
activation by hypotonic challenge induces Cl- efflux and a 
decrease in [Cl-]i, resulting in WNK1 phosphorylation.  Acti-
vated WNK1 mediates cell cycle transition from G0/G1 to 
S phase and proliferation through the PI3K-Akt signaling 
pathway in A10 VSMCs.  Therefore, our results may shed 
new light on the understanding that WNK1, as a cytoplasmic 
second messenger, is involved in a Cl- channel-induced signal-
ing cascade, and these findings provide a new strategy for the 
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treatment of proliferative vascular diseases.
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