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The with-no-lysine kinase (WNK) 4 gene is a causative gene in pseudohypoaldosteronism type II. Although
WNKs are widely expressed in the body, neither their metabolic functions nor their extrarenal role is clear. In
this study,we found thatWNK4was expressed inmouse adipose tissue and 3T3-L1 adipocytes. Inmouse primary
preadipocytes and in 3T3-L1 adipocytes,WNK4wasmarkedly induced in the early phase of adipocyte differenti-
ation.WNK4 expression preceded the expression of key transcriptional factors PPARγ and C/EBPα.WNK4-siRNA-
transfected 3T3-L1 cells and humanmesenchymal stem cells showed reduced expression of PPARγ and C/EBPα
and lipid accumulation. WNK4 protein affected the DNA-binding ability of C/EBPβ and thereby reduced PPARγ
expression. In the WNK4−/− mice, PPARγ and C/EBPα expression were decreased in adipose tissues, and the
mice exhibited partial resistance to high-fat diet-induced adiposity. These data suggest that WNK4 may be a
proadipogenic factor, and offer insights into the relationship between WNKs and energy metabolism.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metabolic syndrome (MetS), characterized by insulin resistance,
dyslipidemia, hypertension, and central obesity, is a significant clinical
problem associated with cardiovascular disease and diabetes (Alberti
et al., 2009). Because white adipose tissue (WAT) is the main energy
storage organ and secretes several humoral factors (Cristancho and
Lazar, 2011), it has important roles in MetS. Core transcriptional factors
regulating adipocyte differentiation include the master regulators, per-
oxisome proliferator-activated receptor gamma (PPARγ), and CCAAT/
enhancer-binding protein alpha (C/EBPα) (Lefterova et al., 2008), and
moderate reduction of PPARγ activity was shown to prevent obesity
and improve insulin sensitivity (Kubota et al., 1999; Yamauchi et al.,
2001; Jones et al., 2005).

The with-no-lysine kinases (WNKs) are a family of serine/threonine
kinases composed of four human genes, WNK1, WNK2, WNK3, and
WNK4. WNK1 and WNK4 were identified as being responsible for
pseudohypoaldosteronism type II (PHAII; (Wilson et al., 2001), a hered-
itary hypertensive disease characterized byhyperkalemia,metabolic ac-
idosis, and thiazide sensitivity (Gordon, 1986). We and others have
clarified that WNK regulates the Na\\Cl cotransporter (NCC) in the
. This is an open access article under
distal convoluted tubules of the kidney through phosphorylation of ox-
idative stress-responsive 1 (OSR1) and Ste20-like proline/alanine-rich
kinase (SPAK) (Yang et al., 2007; Chiga et al., 2011). Recent studies
have added further information that insulin phosphorylates WNK1
through protein kinase B (PKB)/Akt (Jiang et al., 2005), and that insulin
is a powerful activator of theWNK4–OSR1/SPAK–NCC signaling cascade
in vitro and in vivo (Sohara et al., 2011; Nishida et al., 2012; Takahashi et
al., 2014). These data suggest that activation of the WNK–OSR1/SPAK–
NCC signaling cascade caused by hyperinsulinemia may underlie the
pathogenesis of salt-sensitive hypertension in MetS.

In extrarenal organs, recent studies have suggested that WNKs
regulate cell growth, differentiation, and development. For example,
WNK1 is required for mitosis in cultured cells (Tu et al., 2011). In
addition, WNK2 is known to suppress cell growth (Hong et al., 2007),
while WNK3 increases cell survival (Veríssimo et al., 2006), and
WNK4 is required for the anterior formation of Xenopus embryos
(Shimizu et al., 2013). However, the functions of WNKs in energy
metabolism remain unknown.

In the present study, we reported a role of WNK4 as a regulator of
adipocyte development. We found that WNK4 was expressed in the
mouse adipose tissue. In primary preadipocytes and 3T3-L1 adipocytes,
WNK4 was increased dramatically in the early phase of differentiation.
The suppression of endogenous WNK4 decreased expression of PPARγ
and C/EBPα, resulting in the impaired formation of mature adipocytes
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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in 3T3-L1 cells and humanmesenchymal stem cells. We also found that
WNK4 was involved in cell cycle progression during mitotic clonal ex-
pansion (MCE), which might be the cause of decreased expression of
PPARγ by C/EBPβ by WNK4 suppression. Consistent with the reduced
expression of PPARγ, adult WNK4−/− (WNK4-KO) mice exhibited re-
duced adiposity and the decreased expression of adipogenic genes on
high-fat diets (HFDs), suggesting the involvement of WNK4 in the de-
velopment of obesity. These results suggested that the hypertension-
causing geneWNK4 not only is involved in the regulation of salt-sensi-
tive hypertension, but also in energy metabolism.

2. Materials and Methods

2.1. Animals

The generation of theWNK4-KOmice, WNK4D561A/+ knock-in mice,
andWNK4 transgenic (WNK4-Tg)mice and their genotyping strategies
were described previously (Takahashi et al., 2014; Wakabayashi et al.,
2013; Yang et al., 2007). Studies were performed on each strain using
littermates. The mice were raised under a 12-h day and night cycle,
and were fed a normal rodent diet [6% kcal% fat] (Oriental Yeast,
Tokyo, Japan) or high-fat diet [60% kcal% fat] (Research Diets, New
Brunswick, Canada) and plain drinking water. This experiment was ap-
proved by the Animal Care and Use Committee of the Tokyo Medical
and Dental University, Tokyo, Japan.

2.2. Cell Culture

3T3-L1 cells (ATCC; CL-173) were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS), 2 mM L-glutamine, 100 U per ml penicillin, and 0.1 mg/ml
streptomycin at 37 °C in a humidified 5%CO2 incubator. The cellswere in-
duced to differentiate with Adipoinducer Reagent (Takara, Shiga, Japan)
containing 10 μg/ml insulin, 2.5 μM dexamethasone, and 0.5 mM 3-
isobutyl-1-methylxantine (IBMX) (MDI). After 48 h of induction, 3T3-
L1 cells were maintained in the medium containing DMEM supplement-
ed with 10% FBS, penicillin/streptomycin, and 10 μg/ml insulin. For
bumetanide stimulation experiments, the 3T3-L1 cells were exposed to
MDI supplemented with 10 μM bumetanide/DMSO or DMSO as a nega-
tive control. The mpkDCT cells were maintained as described previously
(Sohara et al., 2011). The human mesenchymal stem cells from adipose
tissue (hMSC-AT) cells were purchased from PromoCell GmbH (Heidel-
berg, Germany). The hMSC-AT cells were cultured in Mesenchymal
Stem Cell GrowthMedium 2 (PromoCell), and were induced to differen-
tiate with Mesenchymal Stem Cell Adipogenic Differentiation Medium 2
(PromoCell), according to the manufacturer's instructions. The prepara-
tion of stromal vascular fraction (SVF) from mice adipose tissue, culture
of SVF cells, and adipogenic induction of SVF cells were performed as de-
scribed previously (Suganami et al., 2005; Tanaka et al., 2014).

2.3. Transfection

3T3-L1 cells (3 × 105 cells/6-cm dish or 1 × 105 cells/3.5-cm dish)
were transfected with the indicated amount of plasmid DNA or siRNA
with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, Canada). For
the knockdown experiments in 3T3-L1 cells, we used 20 nM cocktails
of three duplexes of siRNAs. The oligonucleotide sequences of mouse
si-WNK1, si-WNK4, si-SPAK and si-Nega were described previously
(Sohara et al., 2011; Zeniya et al., 2013). The mouse si-OSR1 and si-C/
EBPβwas obtained from Origene (MD, USA) and Santa Cruz Biotechnol-
ogy (TX, USA), respectively. The hMSC-AT cellswere transfectedwith the
indicated amount of siRNA with Xfect RNA Transfection Reagent
(Takara), as the manufacturer's instructions. For the knockdown experi-
ments in hMSC-AT cells, we used 50 nM cocktails of two duplexes of
siRNAs. The oligonucleotide sequences of human si-WNK4 were as fol-
lows: human si-WNK4-A ggaggacgacggcgagaagTT, human si-WNK4-B
ugacagagugguugagugcTT. The differentiation of 3T3-L1 cells and hMSC-
AT cells to adipocytes was induced 3 days after transfection.

2.4. Plasmids

Mouse WNK4 cDNA was isolated by PCR using mouseWNK4 vec-
tor (Ohno et al., 2011) and cloned into 3XFLAG-CMV10 vector
(Sigma-Aldrich, MO, USA). Mouse C/EBPβ cDNA was isolated by
PCR using mouse adipose tissue and cloned into T7-pRK5 vector.
Sequences of the amplification primers employed were as follows:
WNK4 sense, 5′-CTTGCGGCCGCGATGCTAGCACCTCGAAATAC-3′ and
WNK4 antisense, 5′-ACCGATATCTCACATCCTGCCAATATC-3′; C/EBPβ
sense, 5′-AGCAAATGGGTCGCGAGATGGAAGTGGCCAACTTCTACTACG-3′
and C/EBPβ antisense, 5′-CCAAGCTTCTGCAGGCTAGCAGTGGCCCGCCGA-
3′. The mouse WNK4 cDNA was cloned into 3xFLAG-CMV10 vector
(Sigma-Aldrich, MO, USA). The kinase-dead mutation (D318A) was
introduced using a QuickChange Site-directed Mutagenesis kit
(Stratagene, La Jolla, Canada) with the following primers: D318A
sense, 5′-CTGTCAAAATCGGAGCCCTCGGACTGGCCA-3′, and D318A
antisense, 5′-TGGCCAGTCCGAGGGCTCCGATTTTGACAG-3′ (Muta-
genesis sites are underlined).

2.5. RT-PCR

Total RNA from the mouse adipose tissue or cultured cells was
extracted using TRIzol reagent (Invitrogen). The total RNA was reverse-
transcribed using Omniscript reverse transcriptase (Qiagen, Hilden, Ger-
many). Sequences of RT-PCR primers employed were as follows: mouse
C/EBPβ sense, 5′-GTTTCGGGAGTTGATGCAATC-3′, C/EBPβ antisense, 5′-
AACAACCCCGCAGGAACAT-3′; mouse CUL3 sense, 5′-GGATGAGTTCAG
GCAACATC-3′, mouse CUL3 antisense, 5′-GCATGTCTTGGTGCTGGTGG-3′;
human perilipin sense, 5′- ACCCCCCTGAAAAGATTGCTT-3′, antisense, 5′-
GATGGGAACGCTGATGCTGTT-3′; human PPARγ2 sense, 5′-GCAGGAGA
TCTACAAGGACTTG-3′, antisense, 5′- CCCTCAGAATAGTGCAACTGG-3′;
human β-actin sense, 5′-CCGTCTTCCCCTCCATCG-3′; antisense, 5′-
GTCCCAGTTGGTGACGATGC-3′; the mouse C/EBPα, mouse PPARγ,
mouse β-actin, mouse GAPDH, mouse FAS, mouse LPL, mouse FABP4,
mouse WNK2, mouse WNK3, mouse WNK4, mouse KLHL2, mouse
KLHL3, mouse F4/80, and mouse adiponectin primers were described
previously (Zeniya et al., 2013; Madsen et al., 2003; O'Reilly et al.,
2006; Dutruel et al., 2014; Suganami et al., 2005). Relative mRNA levels
were normalized by endogenous reference genes (β-actin and GAPDH).

2.6. Indirect Calorimetry

Male mice at 9 weeks-old on a normal diet were monitored individ-
ually in a metabolism measurement system (Muromachi Kikai, Tokyo,
Japan) for 48 h. Each cage was monitored for oxygen consumption
and activity at 5min intervals throughout the period. Total oxygen con-
sumption was calculated as accumulation of oxygen uptake for each
mouse divided by its body weight.

2.7. Immunoblotting

Extraction of protein samples and semiquantitative immunoblotting
were performed as previously described (Yang et al., 2007). For immu-
noblotting, we used entire samples without the nuclear fraction
(600 ×g) or the crude membrane fraction (17,000 ×g). To separate nu-
clear extracts of the cells, Nuclear and Cytoplasmic Extraction Reagents
(PIERCE, AZ, USA)were used, following themanufacturer's instructions.
The relative intensities of immunoblot bands were analyzed and quan-
tified using ImageJ software (National Institutes of Health (NIH), MD,
USA). Rabbit anti-FLAG (Sigma-Aldrich), rabbit anti-WNK1 (A301-
516A; BETHYL), sheep anti-WNK3 (S346C), rabbit anti-mouse WNK4,
rabbit anti-phosphorylated SPAK, rabbit anti-SPAK, rabbit anti-phos-
phorylated OSR1/SPAK, mouse anti-OSR1, anti-NKCC1, anti-
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phosphorylated NKCC1 and anti-actin were used as described previous-
ly (Takahashi et al., 2014). Rabbit anti-PPARγ, rabbit anti-C/EBPα, rabbit
anti-C/EBPβ, rabbit anti-phosphorylated C/EBPβ, rabbit anti-ERK1/2,
rabbit anti-phosphorylated ERK1/2, anti-Cyclin D1, anti-Cyclin D3,
anti-Cyclin B1, anti-Histon H3, anti-human WNK4 antibody were pur-
chased from Cell Signaling (MA, USA). Anti-Cyclin A2, anti-FABP4,
anti-Rb, and anti-phosphorylated Rb antibody (p780) was purchased
from Abcam (MA, USA). Alkaline-phosphatase-conjugated anti-IgG an-
tibodies (Promega, WI, USA) were used as secondary antibodies for im-
munoblotting. Western Blue (Promega) was used for the development
of immunoblots. The relative intensities of the immunoblot bands
were determined by densitometry with ImageJ software.
2.8. Blood Samples

Glucose tolerance tests were performed after a 16 h overnight fast.
Mice were injected glucose (1.0 g per kg of bodyweight) intraperitone-
ally. Blood glucose concentrationswere determinedwith a glucose sen-
sor (MEDISAFE MINI, Terumo, Tokyo, Japan). Blood samples were
collected from the tail vein at 0, 15, 30, 60, 90, and 120 min after the in-
jection. Insulin tolerance tests were performed after a 6 h fast. Mice
were injected insulin (0.75 units/kg; Humulin R, Ely Lilly, IN, USA) intra-
peritoneally. Blood sampleswere collected from the tail vein at 0, 15, 30,
60, and 90 min after the injection. Plasma insulin, leptin, and
adiponectin levels were measured by using ELISA kits (Morinaga,
Kanagawa, Japan), respectively. Quantification of plasma triglycerides
and total cholesterol were performed by using Triglycerides E-test kit
and Cholesterol E-test kit (Wako, Osaka, Japan), respectively. Blood
samples for leptin, adiponectin, triglyceride and cholesterol were ob-
tained from the inferior vena cava under anesthesia with pentobarbital.
For chronic hydrochlorothiazide (HCTZ) treatment, osmoticminipumps
(Alzet, CA, USA) were implanted subcutaneously to deliver 30 mg/kg/
day HCTZ dissolved in a 1.7% ethanolamine solution or vehicles (etha-
nolamine). Eight-week-old male C57BL6/J mice were randomly allocat-
ed into two groups (HCTZ-treated group and non-treated group). Blood
electrolyte levels were determined using an i-STAT Portable Clinical An-
alyzer (Fuso Pharmaceutical Industries Ltd., Japan).
2.9. Histology

Sectionswere subjected to standard hematoxylin/eosin staining. For
adipocyte size measurement, stained sections at 100× magnification
were subjected to ImageJ software (NIH). The adipocytes were mea-
sured by circling cells manually and the sizes were calculated
automatically.
2.10. Oil-red O Stain and Adipogenesis Assay

For Oil-red O stain image, differentiated 3T3-L1 cells and hMSC-AT
cells were washed twice with PBS and fixed in 10% formalin in PBS for
1 h. Cells were washed twice in PBS and incubated in freshly diluted
Oil-red O solution (Sigma-Aldrich, MO, USA) for 15 min at room tem-
perature. To quantity triglyceride content of day 8 or day 10 in the dif-
ferentiated 3T3-L1 cells, adipogenesis assay kit (Chemicon, Temecula,
Canada) was used as the manufacturer's instructions. Briefly, cells
werewashed twicewith PBS and are incubated in the Oil-red O solution
for 15 min. The stained cells were washed with wash solution, and dye
extraction solutionwas added. Extracted dyewasquantifiedbymeasur-
ing OD495, using a microplate reader (Molecular Devices, CA, USA).

2.11. Cell Proliferation Assay

3T3-L1 preadipocytes (5× 103 cells)were transfectedwith si-WNK4
or si-Nega and seeded in a 96-well flat-bottom tissue culture plate. After
indicated times, 10 μl of Cell Count Reagent SF (Nacalai tesque, Kyoto,
Japan) was added to each well and incubated at 37 °C for 2 h. Then,
cell growth was measured at OD450 on a microplate reader (Molecular
Devices).

2.12. Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation assay (ChIP) was performed using
a SimpleChIP Plus Enzymatic Chromatin IP Kit (Cell Signaling) according
to the manufacturer's instructions. Briefly, 3T3-L1 adipocytes were
exposed 1% formaldehyde for 10 min at room temperature
followed by SDS lysis buffer. After sonication, DNA samples were
immunoprecipitated with anti-C/EBPβ antibody (E299, Abcam, MA,
USA) or normal rabbit IgG (Cell Signaling) as a negative control.
Immunoprecipitated samples were analyzed by PCR using primers
flanking the mouse PPARγ2 promoter region. Primers employed for
RT-PCR were described previously (Salma et al., 2004).

2.13. BrdU Assay

BrdU assay was performed using FLOUS in situ detection kit (Roche,
Basel, Switzerland) on 5 replicates. BrdU was added after 24 h after the
onset of adipocyte differentiation for 30min. Immunodetection of BrdU
was performed following the manufacturer's instructions. Cells were
also stained with Hoechist to detect nucleus. Analysis of percentage
of BrdU-positive cells was shown by dividing the total number
(Hoechist-positive) of cells.

2.14. Statistics

Statistical significancewas evaluated using an un-paired t-test when
only two value sets were compared. For multiplex comparisons, one-
way ANOVA test with Fischer's post-hoc test was used. For growth
curve, two-way ANOVA test with Tukey's test was used. The results
with P values b 0.05were considered statistically significant and is indi-
cated by *. Data were presented as mean ± 95% confidence interval
(95%CI). The tests were performed using the Prism 7 software
(GraphPad, CA, USA).

3. Results

3.1. WNK4 Expression in the Mouse White Adipose Tissue and in 3T3-L1
Adipocytes

We investigated expression of WNK4 in the extrarenal organs by
immunoblotting, and identified that WNK4 was expressed in WAT
(Fig. 1a). The adipose tissue was composed of various cell types:
mature adipocytes and the stromal vascular fraction (SVF), which
includes blood cells, endothelial cells, and macrophages (Suganami
et al., 2005). To analyze which cell type in the adipose tissue
contained WNK4, we isolated mouse SVF from mature adipose
tissue. The quality of the separation was assessed by quantitative
(q) RT-PCR of macrophage marker F4/80 and adipose tissue marker
adiponectin. We found that WNK4 was expressed predominantly in
mature adipocytes (Fig. 1b). We next induced SVF into adipocyte dif-
ferentiation and found that differentiated primary adipocytes
expressed WNK4 (Fig. 1c).

To evaluate the potential function of WNK4 in WAT in more detail,
we examined WNK4 expression in 3T3-L1 preadipocytes, a well-
established model of adipocyte differentiation (Green and Kehinde,
1975). Confluent 3T3-L1 preadipocytes differentiate upon exposure to
the adipogenic inducers, fetal bovine serum (FBS), dexamethasone
(Dexa), isobutylmethylxanthine (IBMX), and insulin. This cocktail
(MDI) activates an adipogenic program, which consists of two well-de-
fined phases. The stimulated cells immediately reenter the cell cycle
and progress through at least two cell-cycle divisions, called MCE.



Fig. 1.WNK4 is expressed in mice adipose tissue and induced in the early phase of 3T3-L1 adipocyte differentiation. (a) Immunoblot analysis of WNK4 in the white adipose tissue of WT
andWNK4−/− mice. The asterisks (*) and the sharps (#) show nonspecific bands andWNK4, respectively. (b) qRT-PCR analysis of mouse primary preadipocytes. WNK4 was expressed
predominantly in mature adipocytes. (c) Primary preadipocyte differentiation into adipocytes and analysis of WNK4. The SVF cells treated with adipogenic stimuli showed increased
WNK4 expression at day 2 of differentiation. (d) qRT-PCR analysis of differentiating 3T3-L1 adipocytes. The level of WNK4 mRNA was increased significantly by 8 h of differentiation.
Representative results are shown for three experiments, and values are expressed as mean ± 95%CI. *P b 0.05. (e) Western blot analysis of WNK4 in differentiating 3T3-L1 adipocytes.
The WNK4 protein was increased dramatically along with the process of differentiation.
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During this time, the cells express specific adipogenic transcription fac-
tors, including C/EBPβ aswell as cell-cycle regulators that together facil-
itate expression of PPARγ and C/EBPα. Following this event, the cells
undergo terminal differentiation manifested by production of lipid
droplets as well as expression of multiple metabolic programs charac-
teristic of mature fat cells. The validity of this 3T3-L1 system as an ap-
propriate model of adipocyte formation in the animal has been
demonstrated (Farmer, 2006). The expression level of WNK4 mRNA in
the undifferentiated 3T3-L1 cells was low, but after stimulation with
MDI, WNK4 was increased significantly by 1.8-fold at as early as 8 h,
and dramatically increased to 44.2-fold at day 2 (Fig. 1d). An increase
in WNK4 was followed by the expression of PPARγ and C/EBPα,
which was supported by the immunoblot analysis (Fig. 1e). In contrast,
WNK2 and WNK3 were not expressed in the mouse adipose tissue nor
in the 3T3-L1 cells (Fig. S1a).WNK1 alreadywas expressed in the undif-
ferentiated 3T3-L1 cells, and neither the protein levels ofWNK1 nor the
phosphorylation status of OSR1/SPAK was changed throughout (Fig.
S1b). Since WNK4 is a substrate for the KLHL2-Cullin3 and KLHL3–
Cullin3 E3 ligase complex (Takahashi et al., 2013; Wakabayashi et al.,
2013), we also examined qRT-PCR analysis and immunoblots of
KLHL2, KLHL3, and CUL3 to examine whether WNK4 degradation also
was regulated in differentiating 3T3-L1 cells. Since the mRNA levels of
these proteins were not decreased during adipocyte differentiation
(Fig. S1c), the increase of WNK4 protein during adipocyte differentia-
tion would be mainly due to the increased WNK4 transcription.

We also examined which component of MDI was responsible for
WNK4 expression, and found that Dexa was a major inducer of WNK4
(Fig. S2a). Since C/EBPβ also is one of a downstream protein induced
by Dexa, we examined the relation between C/EBPβ and WNK4. Al-
though we transfected T7-C/EBPβ to the undifferentiated 3T3-L1 cells,
the expression ofWNK4was not induced (Fig. S2b). We also performed
knockdown of C/EBPβ, and found that the expression of WNK4 protein
after differentiation was not significantly affected (Fig. S2c). Therefore,
C/EBPβ is not a major regulator for WNK4 expression during early adi-
pocyte differentiation. It also is notable that increases in WNK4 protein
levels were not observed in different cell types (mpkDCT cells) when
using Dexa, suggesting that WNK4 induction by Dexa in 3T3-L1 cells
was not a common effect across different cell types (Fig. S2d), and, in
fact, may be involved in the complex adipocyte differentiation machin-
ery. These findings indicated that WNK4 expression was induced in the
early phase of adipocyte differentiation, preceding PPARγ and C/EBPα
expression.
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3.2. WNK4 is Required for the Expression of Core Transcriptional Factors in
3T3-L1 Adipocytes and hMSC-AT Cells

The potential function of WNK4 in the adipocyte was examined
by siRNA specific to WNK4 (si-WNK4; (Sohara et al., 2011). Oil-Red
O staining and adipogenesis assays showed reduced accumulation
of triglyceride as lipid droplets in the si-WNK4 group (Fig. 2a and
b). Given WNK4 levels increase in the very early phase of differenti-
ation, we investigated whether si-WNK4 affects transcriptional
factors and adipocyte markers during adipocyte differentiation. The
mRNA expression levels were measured by RT-PCR on day 4 after
differentiation. On day 4, si-WNK4 transfected cells showed marked
reductions in mRNA levels of PPARγ, C/EBPα, and PPARγ targeting
genes FABP4, lipoprotein lipase (LPL), and fatty acid synthase
(FAS; Fig. 2c). This indicated thatWNK4 inhibition resulted in the in-
hibition of terminal differentiation of 3T3-L1 adipocytes. In contrast,
Fig. 2. Knockdown of WNK4 impairs lipid accumulation and expression of adipogenic genes in
lipid accumulation at day 6 of differentiation. (b) Lipids extracted from Oil-Red O stained ce
accumulation. (c) Real-time PCR analysis of 3T3-L1 adipocytes expressing si-Nega or si-WNK4
were reduced in si-WNK4-transfected 3T3-L1 cells (n = 6 per group). (d) Real-time PCR an
(n = 5 per group). The level of C/EBPβ mRNA in the early phase of differentiation was not af
protein expression at day 2 of differentiation (n = 6 per group). Whole course of C/EBPβ, PPA
C/EBPβ mRNA levels, which are known to increase within 4 h of dif-
ferentiation (Tang and Lane, 1999), were not significantly changed
(Fig. 2d). Consistent with these results, the protein levels of PPARγ
and C/EBPα were significantly suppressed in the WNK4-siRNA
group (Fig. 2e). We next analyzed human mesenchymal stem cells
from adipose tissue (hMSC-AT cells), to examine whether inhibition
of WNK4 affected expression of transcriptional factors in human
preadipocytes. Consistent with the results in Fig. 2, hMSC-AT cells
also showed similar phenotypes as 3T3-L1 cells (Fig. S4). We also
treated 3T3-L1 cells with either WNK1-siRNA (si-WNK1), SPAK-
siRNA (si-SPAK), OSR1-siRNA (si-OSR1), or the NKCC1 inhibitor
bumetanide, but no inhibition of PPARγ or C/EBPα expression was
observed (Fig. S5). These results indicated that WNK4 was involved
in adipocyte differentiation in mouse 3T3-L1 and in hMSC-AT cells,
independent of other WNKs or the known downstream effectors of
the OSR1/SPAK-NKCC1 signaling cascade.
3T3-L1 cells. (a) Oil-Red O staining of 3T3-L1 cells expressing si-WNK4 showed decreased
lls were quantified (n = 6 per group). Cells expressing si-WNK4 showed impaired lipid
at day 4 of differentiation. The mRNA levels of PPARγ, C/EBPα, and PPARγ targeting genes
alysis of 3T3-L1 adipocytes expressing si-Nega or si-WNK4 within 8 h of differentiation
fected by si-WNK4. (e) WNK4 knockdown in 3T3-L1 cells prevented PPARγ and C/EBPα
Rγ, and C/EBPα proteins during adipogenesis under si-WNK4 are shown in Fig. S3.
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3.3. The Role of WNK4 in Expression of Adipogenic Genes in 3T3-L1 Cells

Our data showed C/EBPβ expression was not affected by si-WNK4
(Fig. 2d). Because C/EBPβ is an established activator of PPARγ during
adipocyte differentiation (Guo et al., 2015), we hypothesized, therefore,
that WNK4 might affect the C/EBPβ action to its downstream genes. To
test this, we performed chromatin immunoprecipitation (ChIP) to ex-
amine whether the binding ability of endogenous C/EBPβ to the
PPARγ2 promoter in 3T3-L1 cellswas influenced by si-WNK4. DNA frag-
ments were immunoprecipitated with the C/EBPβ antibody at day 2 of
differentiation and the immunoprecipitated DNA fragments were am-
plified by PCR. The binding ability of C/EBPβ to the PPARγ2 promoter
was impaired by si-WNK4 (Fig. 3a).

It is known that, when preadipocytes are stimulated with MDI,
growth-arrested cells reenter 2 to 3 rounds of the cell cycle, called
MCE. TheMCE is a necessary step for terminal adipocyte differentiation,
Fig. 3.WNK4may be involved in the cell cycle regulation of 3T3-L1 adipocyte. (a) CHIP assay of C
to differentiate for 2 days. Cells were subjected to chromatin immunoprecipitation (ChIP) with
input internal control DNA (actin gene). The values are expressed as mean ± 95%CI (n = 3
signal b 10% that of the C/EBPβ-antibody immunoprecipitated samples. Similar results were ob
3T3-L1 cells on day 2, WNK4 protein was detected in the cytosolic and nucleic fractions. T
Inhibition of cyclins during 3T3-L1 differentiation. In the si-WNK4 group, time-dependent inc
BrdU assay during MCE. Representative image of a BrdU assay 24 h after induction of adipogen
(blue). Scale bar is 100 μM. (e) Quantification analysis of a BrdU assay in 3T3-L1 cells. Values a
and C/EBPβ obtains its binding ability during this step (Guo et al., 2015).
It has been reported that blocking the cell cycle at the G1-S stage can in-
hibit MCE and delay subsequent events in adipogenesis (Tang et al.,
2003b). Among the WNKs, WNK1 has been reported to be expressed
in the mitotic spindles where it regulates mitosis and cell division (Tu
et al., 2011), while endogenous WNK3 has been shown to be able to
translocate into the nucleus (Veríssimo et al., 2006). Thus, we examined
whether WNK4 was expressed in the cell nucleus during adipocyte dif-
ferentiation. AlthoughWNK4was expressed predominantly in the cyto-
solic extracts, we also observed the expression of WNK4 in the nuclear
extracts of differentiated 3T3-L1 adipocytes (Fig. 3b). Because WNKs
are known as cell cycle regulators (Moniz and Jordan, 2010),we also ex-
amined the effect of si-WNK4 on MCE. We found that the increase of
cyclins and phosphorylation of retinoblastoma protein (p-pRB) during
the MCE phase was significantly inhibited in the si-WNK4 group
(Figs. 3c and S6a). Moreover, the 5-bromodeoxyuridine (BrdU) assay
/EBPβ on PPARγ2 promotor. The 3T3-L1 cells expressing si-Nega or si-WNK4were induced
antibody specific to C/EBPβ, and the immunoprecipitated samples were normalized to the
) relative to si-Nega-transfected cells. IgG immunoprecipitated samples only showed a
tained in three separate experiments. (b) Cellular localization of WNK4. In differentiated
he asterisks (*) and sharps (#) show nonspecific bands and WNK4, respectively. (c)
reases of cyclin D1, D3, A2, and B1 after MDI stimulation were significantly inhibited. (d)
ic differentiation in si-Nega- or si-WNK4-transfected 3T3-L1 cells; BrdU (green), Hoechst
re expressed as mean ± 95%CI. *P b 0.05; **P b 0.01.
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during MCE showed a smaller number of S-phase cells in the si-WNK4
group compared to the si-Nega group (Fig. 3d). Accordingly, the cell
proliferation of 3T3-L1 cells in the early phase (day 1) was significantly
inhibited in the si-WNK4 group (Fig. S6b). These results indicated that
si-WNK4 inhibited cell cycle progression during MCE, which might
have resulted in the reduced ability of C/EBPβ to bind PPARγ promoter.
Fig. 4. Phenotypes of WNK4−/− mice. (a, b) The body weights (a) and body lengths (b) of 8-w
exhibited lower average body weights but similar body lengths. (c) Total food intake was co
time PCR analyzes of adipogenic genes in the adipose tissue (n = 5–6 per group). (e) Body w
exhibited lower body weights on a HFD. (f) Organ weights of the mice fed HFDs (n = 8–9 pe
mice were significantly lower compared to those of WT mice. (g) Hematoxylin and eosin (H
quantification of adipocyte size is shown (n = 200 cells per group). (i) The average adipoc
mean ± 95%CI. *P b 0.05.
3.4. WNK4 Promotes Expression of Adipogenic Genes in 3T3-L1 Adipocytes

We also examined the effect of overexpression of WNK4. FLAG-
tagged WNK4-transfected 3T3-L1 cells maintained without MDI did
not differentiate into adipocytes (Fig. S7a). However, when FLAG-
tagged WNK4-transfected cells were cultured in MDI, we observed
eek-old WT and WNK4−/− mice on a normal diet (n = 8–9 per group). WNK4−/− mice
mparable between WT and WNK4−/− mice during a day (n = 5–6 per group). (d) Real-
eight increases for WT and WNK4−/− male mice fed a HFD (n = 5–7). WNK4−/− mice
r group). The weights of epididymal (eWAT) and subcutaneous (sWAT) fat in WNK4−/−

E) staining of adipose sections from WT and WNK4−/− mice. Scale bar, 50 μm. (h) The
yte size of WNK4−/− mice was smaller than that of WT mice. Values are expressed as
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significant increases in the expression of PPARγ and C/EBPα on day 2 in
mRNA and protein levels (Figs. S7b and S7c) and increased accumula-
tion of lipids on day 8 (Figs. S7d and S7e). These findings indicated
that exogenous overexpression of WNK4 could promote expression of
adipogenic genes. Intriguingly, these results were not abolished when
kinase-dead mutant-WNK4 (D318A; (Ahlstrom and Yu, 2009) was
transfected (Fig. S7b–e). Thus, we speculated that the effect of WNK4
in adipocytes might be a kinase-independent function.

3.5. WNK4 Deficiency Prevents Diet-induced Obesity

To assess the adipogenic properties of WNK4 in vivo, we analyzed
WNK4 knockout mice. WNK4−/− mice were born at a normal birth
rate and showed no obvious differences in body weight until 6 weeks
of age (data not shown), but displayed moderately lower weights
than the wild-type (WT) mice when 8 weeks old (Fig. 4a). This was
not due to shorter body length or reduced food intake (Fig. 4b and c).
As we reported previously, WNK4−/− mice had almost normal plasma
electrolyte and normal blood pressure values when fed a normal diet
(Takahashi et al., 2014). Indirect calorimetry at baseline showed normal
energy expenditure and activity (Fig. S8), supporting our observation
that the WNK4−/− mice were healthy.

C57BL/6 male mice are prone to obesity, and are susceptible to insu-
lin resistance and glucose intolerance in response to a HFD (Almind and
Kahn, 2004). In the maleWNK4−/− mice fed a HFD for 6 weeks, the ex-
pression of PPARγ, C/EBPα, and FABP4 in the adipose tissue was signif-
icantly lower in WNK4−/− mice compared to the WT mice (Fig. 4d).
When WNK4−/− mice were fed a HFD, they ultimately weighed less
thanWTmice (Fig. 4e). This difference in bodyweightwas not observed
when wild-type mice on a HFD were treated with 30 mg/kg/day of
Fig. 5. Phenotypes of HFD-fed WNK4−/− mice. (a–c) IPGTT (a), plasma insulin levels (b), IPIT
showed lower fasting glucose levels and presented lower plasma glucose levels 15 min after
glucose tolerance test (n = 5 per group; c). WNK4−/− mice exhibited significantly lower AUC
adiponectin (f), and leptin levels (g) were not affected in the WNK4−/− mice (n = 5–6). Value
hydrochlorothiazide (HCTZ) or vehicles for 6 weeks. In HCTZ-treated
mice, K+ and HCO3

– levels were tended to be lower and higher than
those in non-treatedmice, respectively, suggesting the effective admin-
istration ofHCTZ to themice (Table S1). However, bodyweight between
the groups was not significantly different (Fig. S9). This indicating that
decreased NCC activity in the kidney did not account for the phenotype
of WNK4−/− mice. In WNK4−/− mice fed HFDs, the weights of the epi-
didymal and subcutaneous fat pads were significantly decreased
(Fig. 4f). In contrast, theweights of the liver, skeletalmuscle (gastrocne-
mius), kidney, and heart were similar between the genotypes. HFD-fed
WNK4−/− mice exhibited reduced and smaller adipocytes compared to
WT mice (Figs. 4g–i). In addition, HFD-fed WNK4−/− mice had signifi-
cantly lower fasting plasma glucose levels, lower blood glucose by intra-
peritoneal glucose and insulin tolerance tests (IPGTT and IPITT,
respectively), lower plasma insulin levels, and a reduced hypoglycemic
response to insulin (Figs. 5a–c). We also evaluated the metabolic pa-
rameters of fasted WNK4−/− mice, but plasma triglyceride (TG), total
cholesterol (TC), adiponectin, and leptin levels were not significantly
different (Figs. 5d–g). These results showed that WNK4−/− mice were
protected from HFD-induced weight gain and insulin resistance despite
normal adiponectin and leptin levels.

We explored whether the increased of WNK4 in adipocytes caused
the opposite phenotypes. We examined WNK4 protein in adipose tis-
sues of the WNK4 knock-in mice carrying PHAII mutation
(WNK4D561A/+; Fig. S10a) and in the WNK4 transgenic (WNK4-Tg)
mice. However, in contrast to the marked increase of WNK4 protein in
the kidneys, they unexpectedly showed almost no or aminimal increase
ofWNK4 in their adipose tissues (Fig. S10b). As a result, WNK4-Tgmice
showed similar body weights and insulin sensitivities, even after being
fed a HFD (Fig. S10).
T (c), and their AUCs in HFD-fed WT and WNK4−/− mice. The HFD-fed WNK4−/− mice
glucose injection (n = 5 per group; a). Plasma insulin level and AUC result during the
values (n = 5–6 per group). (d–g) Fasting plasma triglyceride (d), total cholesterol (e),
s are expressed as mean ± 95%CI. *P b 0.05.
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4. Discussion

We previously demonstrated the importance of the WNK4–OSR1/
SPAK–NCC signaling cascade in the kidney for blood pressure regulation
(Uchida, 2014). However, the extrarenal roles of WNK4 still required
clarification. In this study, we found that WNK4 regulates expression
of adipogenic genes and WNK4−/− mice had reduced adiposity.

Intriguingly, WNK4 in mouse adipose tissues was expressed pre-
dominantly in mouse mature adipocytes, rather than in primary
preadipocytes (Fig. 1), and the expression was greatly inducedwith ad-
ipocyte differentiation. These data also were confirmed in the 3T3-L1
cells and hMSC-AT cells (Fig. 1 and Fig. S4). Then, WNK4 inhibition im-
paired the expression of PPARγ and C/EBPα, which are core transcrip-
tional factors to form mature white adipocytes. These results indicated
that WNK4 is an important factor for adipocyte differentiation.

AmongWNKs, WNK1 andWNK4were expressed in the adipose tis-
sue (Fig. 1 and Fig. S1). In contrast to the dramatic change ofWNK4 dur-
ing adipocyte differentiation, the protein level of WNK1 was not
changed through adipogenesis, and si-WNK1 did not affect the expres-
sion of adipogenic genes (Fig. 1 and Fig. S5). These results indicated that
only WNK4 is involved in adipogenesis.

We indicated that the increase ofWNK4proteinwould be duemain-
ly to the increase of WNK4 transcription, since WNK4 mRNA was, in-
deed, increased and KLHL2/3 or CUL3 mRNA levels were not
decreased during 3T3-L1 differentiation. We also showed that WNK4
expression was induced by Dexa (Fig. S2) in 3T3-L1 cells. However,
such induction by Dexa was not observed in different cell types
(mpkDCT cells). Since microarray analysis revealed that hundreds of
genes in 3T3-L1 cells are differently regulated by Dexa (Burton et al.,
2004), the mechanism of WNK4 induction in Dexa could be involved
in this complex machinery of adipogenesis, rather than a simple tran-
scriptional activation by Dexa (Fig. S2d).

We sought to clarify the regulatory mechanism of adipogenic genes
byWNK4. We showed the function of WNK4 in adipocytes that was in-
dependent of the WNK-OSR1/SPAK-NKCC1 signaling cascade (Fig. S5).
Consistent with this finding, when kinase-dead mutant WNK4
(D318A) was exogenously expressed in 3T3-L1 cells, increased expres-
sion of PPARγ and C/EBPαwas observed (Fig. S7). It was interesting that
si-WNK4 did not affect the expression of C/EBPβ, but did affect the ex-
pression of C/EBPα and PPARγ. We also showed that WNK4 inhibition
decreased the binding ability of C/EBPβ to the PPARγ2 promoter region,
suggesting thatWNK4 affected PPARγ transcription by C/EBPβ. Further-
more, we identified significant expression of WNK4 in the nuclei of dif-
ferentiated 3T3-L1 adipocytes (Fig. 3b). Since WNK1 has been shown
previously to be involved in cell division in Hela cells (Tu et al., 2011),
we focused our attentions on MCE. Although MCE is considered an es-
sential step in adipogenesis (Guo et al., 2015), its regulatorymechanism
is poorly understood. Previously, it has been reported that blocking the
cell cycle at the G1-S stage can inhibit MCE and thereby delay subse-
quent events in adipogenesis (Tang et al., 2003a). Similarly we revealed
that si-WNK4 inhibited cell cycle progression during MCE, potentially
indicating why the DNA-binding ability of C/EBPβ was affected by
WNK4 (Fig. 3c and d), because C/EBPβ is known to obtain its binding
ability during MCE (Guo et al., 2015). Thus, we determined that
WNK4 in adipocytes had an important positive role in MCE. We believe
that these results provide an insight into the regulatory mechanism of
adipogenic gene expression by WNK4, and that they also shed light on
the regulatory mechanisms of MCE.

In WNK4−/− mice fed a HFD, the expression of PPARγ, C/EBPα, and
FABP4 in the adipose tissue was significantly depressed. Furthermore,
they had reduced insulin resistance and obesity induced by HFD. It has
been reported previously that NCC knockout mice did not show lower
body weight on a normal diet (Soleimani et al., 2012), and we have
shown that administration of HCTZ did not inhibit the gain of body
weight by HFD (Fig. S8). These results indicated that the decreased
body weight of WNK4−/− mice was not due to low NCC activity or
volume depletion. The association between reduced WNK4 expression
and decreased expression of core transcriptional factors regulating adi-
pocyte functions, both in 3T3-L1 adipocytes and inWNK4−/−mice, sug-
gested that theremay be an explanation for the observed phenotypes of
the knockout mice. Although it is well known that PPARγ agonists im-
prove insulin sensitivity, various studies have indicated that moderate
reduction of PPARγ activity prevents insulin resistance and HFD-in-
duced obesity (Kubota et al., 1999; Yamauchi et al., 2001; Jones et al.,
2005). Intriguingly, adipose-specific PPARγ-knockout mice exhibited
insulin sensitivity, reduced fat development, and resistance to HFD-in-
duced obesity, despite their higher TG levels and lower plasma leptin
and adiponectin levels (Jones et al., 2005). These phenotypes of the ad-
ipose-specific PPARγ-knockout mice were quite similar to those of our
WNK4−/− mice. TG levels of WNK4-KO mice also tended to be higher
than those of WT mice (Fig. 5). If we could increase the number of
mice examined, the difference might reach statistical significance.
Thus, most of the phenotypes observed in WNK4−/− mice could be ex-
plained by the reduced expression of PPARγ in adipocytes.

Since WNK4 overexpression accelerated expression of adipogenic
genes (Fig. S7), we expected the overexpression ofWNK4 in adipocytes
would cause the phenotypes opposite to those in WNK4−/− mice. We
first checked the WNK4 protein levels in the adipose tissues of
WNK4D561A/+ andWNK4-Tgmice, whichwe have generated previously
(Fig. S10). Unexpectedly, however, we found that the increase ofWNK4
in adipose tissue of thesemicewas not so dramatic as we observed pre-
viously in the kidney (Figs. S10a and S10b). Indeed, theWNK4-Tg mice
showed similar body weights to WT mice at 8 weeks of age and even
after the introduction of aHFD (Fig. S10). Therewere no apparent differ-
ences in the metabolic phenotypes between the genotypes. The rea-
son(s) for the unexpected minimal increase in the levels of WNK4
protein in the adipose tissue of WNK4-Tg mice is not clear, but some
compensatory mechanisms may be working to prevent excessive in-
creases in WNK4 in tissues other than kidney. Thus, it is not clear at
presentwhetherWNK4 overexpression in adipose tissue causes diet-in-
duced obesity. WNK4 in adipose tissue of PHAII patients might not be
increases as in the PHAII model mice, which may be consistent with
the clinical observation that PHAII patients do not necessarily show
metabolic disorders.

In conclusion, we revealed a role for WNK4 as a regulator of core
adipogenic factors. Our results may offer insights into the complex pro-
cess of obesity. Our data indicated that WNK4 inhibition would be ben-
eficial in management of blood pressure and MetS. Since the recently
reported pan-WNK inhibitor (Yamada et al., 2016) specifically targets
WNK's kinase domain, it may not be effective for inhibiting WNK4’s
adipogenic function. The strategy to inhibit WNK4 induction in the
early adipogenesis and/or to stimulate WNK4 degradation by the re-
cently identified KLHL3/Cul3 E3 ligase would be possible.
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