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Abstract
Obstructive nephropathy leads to chronic kidney disease, characterized by a progressive epithelial-
to-mesenchymal cell transition (EMT)-driven interstitial fibrosis. To identify the mechanisms
causing EMT, we used the mouse model of unilateral ureteral obstruction and found a rapid and
significant increase in serum- and glucocorticoid-regulated kinase-1 (SGK1) expression in the
kidneys with an obstructed ureter. Knockout of SGK1 significantly suppressed obstruction-
induced EMT, kidney fibrosis, increased glycogen synthase kinase-3β activity, and decreased
accumulation of the transcriptional repressor Snail. This caused a reduced expression of the
mesenchymal marker α-smooth muscle actin, and collagen deposition in this model. In cultured
kidney epithelial cells, mechanical stretch or treatment with transforming growth factor-β not only
stimulated the transcription of SGK1, but also stimulated EMT in an SGK1-dependent manner.
Activated SGK1 stimulated Snail accumulation and downregulation of the epithelial marker E-
cadherin. Hence, our study shows that SGK1 is involved in mediating fibrosis associated with
obstructive nephropathy.
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Obstructive nephropathy due to congenital abnormalities is a primary cause of end-stage
renal disease in children;1 its incidence increases when patients are above 60–65 years.
Understanding the mechanisms underlying interstitial fibrosis and tubular atrophy that
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occurs with obstruction can lead to methods for preventing the loss of kidney function.2,3

Unilateral ureteral obstruction (UUO) in rats or mice is a model of obstructive nephropathy
with tubulointerstitial fibrosis, cellular infiltration, tubular proliferation, and apoptosis.4

Epithelial-to-mesenchymal cell transition (EMT) and increased extracellular matrix (ECM)
deposition contribute to UUO-induced fibrosis. Several mechanisms have been identified
contributing to the fibrosing effect of obstructive nephropathy, such as mechanical stretch,5,6

angiotensin II (renin–angiotensin system),7,8 and transforming growth factor-β (TGF-β).9

Mechanical stretch is an important factor involved in EMT, as others have reported that
mechanical stretch induces TGF-β expression.5,6 Blocking the TGF-β signaling pathway
suppresses mechanical stretch-induced EMT in kidney epithelial cells.

Epithelial cells form layers that have apical–basolateral polarization, clustering E-cadherin-
formed adhesions between epithelial cells.10 Epithelial cells can be transdifferentiated into
mesenchymal cells by EMT, which is paralleled by loss of E-cadherin expression.11

Mesenchymal cells have a spindle-shaped, fibroblast-like morphology expressing specific
markers, such as smooth muscle α-actin (α-SMA), fibronectin, and vimentin.11 E-cadherin
transcription is downregulated by the transcriptional factor Snail;12,13 Snail expression is
upregulated by TGF-β,14,15 insulin-like growth factor 1,16 or mechanical stretch.6 Moreover,
Snail activity is regulated by glycogen synthase kinase-3β (GSK-3β), because it
phosphorylates Snail and then stimulates its degradation.17 Phosphatidylinositol 3-kinase
(PI3K), integrin-linked kinase (ILK), and Wnt signaling pathways reportedly promote EMT
in a model of UUO.18–22 However, the intracellular signaling accounting for kidney fibrosis
in UUO is incompletely understood.

Serum- and glucocorticoid-regulated kinase 1 (SGK1) is transcriptionally regulated by
serum and glucocorticoids.23,24 It is a member of the AGC (cAMP-dependent protein kinase
A, cGMP-dependent kinase G, and phospholipid-dependent protein kinase C) family of
serine or theronine protein kinases and a downstream signaling element in the PI3K
pathway. Recent studies have implicated a critical role of SGK1 in the regulation of cell
survival, proliferation, and differentiation. SGK1 further regulates a wide variety of
channels and transporters, including the epithelial sodium channel.25 Ample evidence points
to a critical role of SGK1 in the pathophysiology of fibrosis.25–29 SGK1 has been shown to
mediate the epidermal growth factor-induced expression of fibronectin in kidney proximal
cells.30 Moreover, lack of SGK1 knockout (KO) prevents the stimulation of connective
tissue growth factor expression and cardiac fibrosis following mineralocorticoid excess.31 In
humans, an SGK1 gene variant is associated with enhanced blood pressure,32,33 increased
body weight34, and diabetes.35

The purpose of the present study was to identify the role of SGK1 in the intracellular
signaling underlying renal fibrosis after unilateral ureteral obstruction.

RESULTS
UUO-induced fibrosis is regulated by SGK1

At 3 days after UUO, expression of SGK1 protein and mRNA was increased in the
obstructed kidney as compared with the unobstructed, contra-lateral kidney (Figure 1a and
b). As shown in Figure 1c, UUO was followed by damage of the apical brush border
structures, thickening of the tubule basement membrane, and increase of cell number in the
interstitium of wild-type (WT) kidneys. In contrast, kidneys from SGK1 KO mice were
protected from UUO-induced injury (Figure 1c). The blue color of trichrome staining in
Figure 1d indicates ECM proteins. In the kidneys of WT mice, 7 or 14 days of UUO
significantly increased the ECM protein levels. The effect of UUO on ECM protein
deposition was again significantly blunted in SGK1 KO mice (Figure 1d). Specifically,
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UUO in WT mice increased the levels of collagens I and IV, primarily in the interstitial and
peritubular areas (Figure 1e). The effect of UUO on collagen deposition was reduced by
40% (collagen-I) and 57% (collagen-IV) in SGK1 KO mice (Figure 1e). The reduction of
collagen abundance was confirmed by western blotting (Figure 1e–g). The decrease of
collagen deposition in SGK1 KO mice was paralleled by a similar suppression of fibronectin
expression (data not shown).

UUO-induced EMT is suppressed in SGK1 KO mice
As mesenchymal cells were derived from epithelial cells expressing α-SMA, we measured
α-SMA expression at different time points after UUO using immunohistochemical staining
(Figure 2a) and western blotting (Figure 2b). After 3 days of UUO, α-SMA was
significantly increased and continued to increase further for the next 7 days as compared
with the results in the contra-lateral control kidney (Figure 2a–c). In contrast, α-SMA
expression in the obstructed kidneys of SGK1 KO mice was markedly attenuated, as
compared with kidneys from obstructed WT mice (Figure 2a–c, at day 3). However, the
protective effect was dissipated at 14 days (Figure 2a–c).

To explore how SGK1 mediates EMT, we assessed the expression of Snail, a transcriptional
repressor of E-cadherin, in UUO kidneys. As shown in Figure 2d (indicated by arrow), UUO
significantly increased Snail levels in kidneys from WT mice but not in those from SGK1
KO mice (Figure 2d and e). UUO treatment significantly increased GSK-3β phosphorylation
in kidneys from WT mice, an effect not observed in kidneys from SGK1 KO mice (Figure
2f).

Mechanical stretch or TGF-β stimulates SGK1 expression and EMT in cultured kidney
tubule cells

In the UUO model, there are many compounding factors, such as infiltration of
inflammatory cells, production of cytokines, growth factors, and accumulation of
metabolites. It was reported that stretch or TGF-β, two of the major underlying factors,
contributes to kidney fibrosis in UUO. To establish a cell model for UUO and to identify the
mechanisms for EMT, we examined how factors that are known to be effective in UUO do
regulate SGK1 expression in cultured kidney tubule cells. In cultured kidney cells from WT
mice, there was a characteristic cuboidal appearance with F-actin located around the cell
membrane. Tubule cells and F-actin were in parallel along the direction of the force induced
by mechanical stretch (Figure 3a and b). Treatment of tubule cells with stretch or TGF-β
significantly decreased the level of the epithelial marker, E-cadherin, and increased the level
of mesenchymal cell markers, α-SMA and fibronectin (Figure 3c and d). Stretch or TGF-β
also induced SGK1 mRNA expression (Figure 3e) and SGK1 transcriptional activity (Figure
3f). Furthermore, mechanical stretch or TGF-β treatment increased SGK1 protein expression
(Figure 3g).

SGK1 is a downstream signal that mediates mechanical stretch- and TGF-β-induced EMT
To define the importance of SGK1 in UUO-induced fibrosis, we isolated tubule cells from
WT and SGK1 KO mice and subjected them to TGF-β or stretch. Stretch induced striking
changes in cell morphology and cytoskeletal reorganization (Figure 4). In cells from SGK1
KO mice, less F-actin redistributed in the direction of mechanical force when compared with
the results in tubule cells from WT mice (Figure 4a and b). According to the
immunofluorescent staining result, TGF-β downregulated E-cadherin expression, an effect
blunted by 54% in SGK1 KO cells (Figure 4c). In contrast to E-cadherin levels in wild cells,
the protein level of E-cadherin remained high in SGK1 KO cells despite mechanical stretch
or TGF-β treatment (Figure 4d). Transfection of SGK1 into SGK1 KO cells using an
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adenoviral construct rescued both the mechanical stretch- and the TGF-β-mediated decrease
in E-cadherin protein level (Figure 4d).

SGK1 downregulates E-cadherin through Snail
Snail is a transcriptional suppressor that decreases E-cadherin expression. Treatment of
tubule cells with stretch or TGF-β increased Snail expression (Figure 5a). To study whether
SGK1 regulates Snail activity and E-cadherin transcription, kidney tubule cells were co-
transfected with an E-cadherin promoter–reporter construct with SGK1 or Snail expression
plasmids. As shown in Figure 5b, overexpression of either Snail or SGK1 significantly
decreased E-cadherin promoter activity in tubular cells. Combined expression of Snail and
SGK1 again significantly decreased the luciferase level, consistent with a pathway from
SGK1 to Snail leading to suppression of E-cadherin. This conclusion was further supported
by the observation that overexpression of SGK1 stabilized the Snail protein (inset in Figure
5b).

To further explore how SGK1 regulates E-cadherin expression by Snail, we carried out a
chromatin immunoprecipitation assay. Mechanical stretch or TGF-β stimulated the Snail-
binding capacity to the E-cadherin promoter in WT cells, an effect significantly blunted in
tubule cells isolated from SGK1 KO mice (Figure 5c).

In primary cultures of tubule cells derived from WT mice, mechanical stretch or TGF-β also
induced translocation of Snail into nuclei. This nuclear translocation did not occur in cells
isolated from SGK1 KO mice (Figure 5d).

Further experiments were performed to elucidate the mechanism accounting for the SGK1-
dependent nuclear translocation of Snail. As shown in Figure 5e, lack of SGK1 blocked
stretch-induced phosphorylation of GSK-3β. Incubation of recombinant GSK-3β with
glutathion S-transferase (GST)-Snail resulted in Snail phosphorylation. Incubation of
recombinant SGK1 with GST-Snail did not result in Snail phosphorylation, indicating that
SGK1 increased Snail phosphorylation by GSK-3β (Figure 5f).

SGK1 downregulates β-catenin expression in UUO-treated kidney. DKK1 functions as an
inhibitor of the β-catenin signaling pathway by binding with Wnts. Overexpression of
DKK1 or inhibition of GSK-3 in kidney tubule cells significantly inhibited mechanical
stretch-stimulated Snail expression (Figure 6a). In SGK1 KO mice, the UUO-induced β-
catenin was suppressed compared with the β-catenin in WT mice (Figure 6b).

DISCUSSION
Several studies indicate that obstructive nephropathy causes transition of tubular epithelial to
mesenchymal cells and fibrosis in the kidney, but the underlying mechanism has remained
largely elusive. In this study, we have discovered that SGK1 is a critical signaling molecule
regulating the transition of tubular epithelial to mesenchymal cells and fibrosis during
ureteral obstruction. The obstruction triggers a stretch-sensitive, TGF-β-inducible SGK1
expression, and a signaling pathway that upregulates Snail transcriptional factor, leading to
downregulation of E-cadherin.

Multiple signaling pathways reportedly promote EMT.9,21,36–38 Liu et al.37 reported that the
ILK signaling pathway has a critical role in mediating tubular EMT and renal interstitial
fibrosis, and that PINCH-1 is involved in this process. PINCH is an adaptor protein that
binds to ILK and regulates cytoskeleton structure. Overexpression of PINCH-1 decreases E-
cadherin and ZO-1 (a tight-junction molecule in epithelial cells) levels leading to EMT.39

Evidence for the involvement of the PI3K pathway in the regulation of EMT has been
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provided by studies on human cancer.21 However, the signaling mediating the stimulation of
EMT by PI3K or ILK remained elusive. ILK has been suggested to operate as a PDK2,
which can activate cAMP-dependent protein kinase A, cGMP-dependent kinase G, and
phospholipid-dependent protein kinase C family protein kinases, including Akt and SGK1.40

In this study we show that SGK1 is a critical mediator for EMT. SGK1 is a serine/threonine
protein kinase with 45–50% sequence identity in its catalytic domain with protein kinase B
(Akt) and protein kinase C. It is activated by PDK1 (3-phosphoinositide-dependent kinase)-
dependent phosphorylation of Thr256 and, therefore, is modulated by PI3K.23,41,42 We
found that SGK1 is significantly increased in an animal model of UUO (Figure 1). Stimuli
such as TGF-β or mechanical stretch stimulate SGK1 expression (promoter transcriptional
activity, RNA, and protein) in kidney tubule cells (Figure 3). These findings are important as
SGK1 is a critical downstream signal of PI3K and ILK that mediate EMT under obstructive
nephropathy. Importantly, KO of SGK1 suppresses UUO-induced EMT and fibrosis
(Figures 1 and 2). Our results point to SGK1 as a critical factor regulating UUO-induced
EMT (Figure 1). The involvement of SGK1 was shown in vitro and in response to UUO in
vivo. In this model of UUO, SGK1 promoted EMT. When SGK1 was knocked out, the
stimulation of EMT by UUO was suppressed (Figure 1). It should be pointed that the
protective effects of the SGK1 KO were attenuated at day 7 but not at day 14 after UUO
(Figures 1f and g). The potential mechanism could be that other factors (for example,
inflammatory cell infiltration, cytokine (TGF-β secretion)) are activated beyond day 7 to
induce UUO-induced EMT and fibrosis.

Several reports suggest that SGK1 could be involved in fibrosis. For example, transcription
of SGK1 parallels the course of diabetic nephropathy,28,43 glomerulonephritis,44 pulmonary
fibrosis,45 vascular remodeling,27 or cardiac fibrosis.31 There is also evidence that SGK1
promotes ECM protein accumulation in the heart, possibly through the connective tissue
growth factor. Indeed, expression of the connective tissue growth factor was linked to
SGK1.31 SGK1 also controls the expression of fibronectin in endothelial cells46 and tissue
factor during vascular remodeling27 or lung fibrosis.45 According to our observations,
SGK1-dependent EMT may explain that pro-fibrotic stimuli such as HGF, TGF-β, and
integrin47 induce fibrosis by activation of SGK1.

The present observations further provide insight into the SGK1-dependent mechanisms
leading to EMT. UUO increases Snail accumulation of kidney tubule cells (Figure 2). This
observation is consistent with reports that UUO induces the expression of Snail in renal
tubular epithelial cells.6,16 According to our observations, the influence of UUO on Snail
abundance was at least partially mediated by SGK1, as the accumulation of Snail after UUO
was significantly blocked in kidneys of SGK1 KO mice. Similarly, the effect of mechanical
stretch or TGF-β on Snail abundance in cultured kidney tubular epithelial cells was sensitive
to the presence of SGK1 (Figure 2). SGK1 increases Snail stability and expression SGK1 in
tubule cells leads to Snail accumulation (Figure 5). The effect of SGK1 on Snail is mediated
by GSK-3β, as increased GSK-3β activity causes Snail phosphorylation and degradation. As
SGK1 decreases GSK-3β kinase activity, it abrogates the effect of GSK-3β on Snail
phosphorylation and degradation. According to our observations, SGK1 does not directly
phosphorylate Snail, but is rather effective owing to its influence on GSK-3β (Figure 5).
SGK1 reduces GSK-3β-induced Snail phosphorylation and the subsequent Snail
degradation.17,38 The Snail transcription factor represses E-cadherin expression and
promotes EMT.48 Mechanical stretch or TGF-β fosters Snail binding to the E-cadherin
promoter (Figure 5). According to our observations, UUO or the mechanical stretch of
cultured cells stimulates GSK-3β phosphorylation in WT mice or cells derived from WT
mice, but not in SGK1 KO mice or cells derived from SGK1 KO mice (Figures 2f and 5f).
GSK-3β functions as a downstream signal of the PI3K and Wnt pathways, which are linked
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to the development of EMT.17,21,36 Finally, we found a critical role for the GSK-3β/β-
catenin signaling pathway in mechanical stretch-induced Snail expression and for SGK1 in
regulation of β-catenin. Blocking the Wnt signaling pathway by DKK-1 or GSK-3β by
lithium chloride inhibits mechanical stretch-induced Snail expression (Figure 6a). Moreover,
UUO induced β-catenin protein level that was suppressed in SGK1 KO mice (Figure 6b).
These results are consistent with the recent finding that the Wnt/β-catenin pathway is
involved in renal fibrosis.49

In view of our results, we propose a signaling pathway from SGK1 activation to EMT
(Figure 7). In normal kidneys, SGK1 expression and hence the level of phosphorylated
GSK-3β are low. Consequently, GSK-3β kinase activity is sufficient to phosphorylate Snail,
leading to its degradation. In UUO, stimuli such as stretch of kidney epithelial cells or
increased TGF-β stimulate SGK1 expression and activation, leading to phosphorylation of
GSK-3β and decreased GSK-3β kinase activity. As a result, Snail phosphorylation and
degradation are suppressed. When Snail is increased, it suppresses E-cadherin transcription,
thus fostering EMT.

In summary, in a mouse model of UUO, we have shown that SGK1 is a critical factor for the
development of EMT and fibrosis. KO of SGK1 suppressed pathological responses and
changed Snail expression and its phosphorylation, stabilization, and localization in kidney
tubular cells.

MATERIALS AND METHODS
UUO model in mice

WT and SGK1 KO mice were generated as described before.50 Six WT and SGK1 KO
mice, of 20–30 g body weight, in each group were studied at 6–8 weeks of age and UUO
was carried out as described.37 Sham-operated mice had their ureter exposed but not ligated.
All experimental procedures were approved by the Animal Care and Use Committee of
Baylor College of Medicine.

Primary culture of renal tubular epithelial cells
Minced kidneys were washed in three changes of cold phosphate-buffered saline (PBS)
containing 1 mM EDTA and were digested in 0.25% trypsin solution in a shaking incubator
at 37 °C for 2 h. Trypsin was neutralized with growth medium consisting of Dulbecco's
modified Eagle's medium and 10% fetal bovine serum plus 100 units per ml penicillin and
0.1 mg per ml streptomycin. The suspension was triturated by pipetting and passed through
a 100-μm cell strainer (Becton Dickinson Labware, Franklin Lakes, NJ, USA). The filtrate,
consisting mostly of dispersed renal tubules, was plated onto culture dishes (Nalge Nunc
International, Naperville, IL, USA), or onto silicone elastomer-bottomed and collagen-
coated plates (Flexcell 4000, Flexcell, Hillsborough, NC, USA). The cells were incubated at
37 °C in a CO2 incubator with the media changed every 2 days. Experiments were carried
out in serum-free DMEM.

Plasmids and transfection
The pCMV-flag-Snail expression plasmid and pE-cadherin promoter luciferase plasmid
were gifts of Dr Zhou (Galveston, TX). The SGK1 constitutive active plasmid, pcDNA3-
SGK256D, was a gift of Dr Brickley (University of Chicago, Chicago, IL). pSGK1 promoter
luciferase and pSGK1 promoter cat plasmids were provided by Dr Richards (Baylor College
of Medicine, Houston, TX). The Flag-DKK1 expression plasmid was kindly provided by Dr
He Xi (Harvard University, Boston, MA, USA). Adenovirus expressing human SGK1 was
generated by inserting SGK1 cDNA into the pAd-Tracker-CMV adenovirus backbone.
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Kidney tubule cells were transfected with plasmids using Nucleofector (Lonza, Basel,
Switzerland) according to the manufacturer's protocol.

SGK1 kinase assay
A purified, recombinant GST-Snail fusion protein was kindly provided by Dr Zhou
(Galveston, TX).17 Active SGK1 (Millipore, Billerica, MA) was incubated with GST-Snail
as a substrate (Cell Signaling, Denvers, MA) and in a volume of 30 μl kinase buffer (25
mmol/l Tris-HCl, pH 7.5, 5 mM β-glycerophosphate, 2 mmol/l dithiothreitol, 0.1 mmol/l
Na3VO4, 10 mmol/l MgCl2, 100 μmol/l ATP and 8 μCi [γ-32P]ATP) for 10 min at 30 °C.
The recombinant of GST-GSK-3β (Millipore) was used as a positive control for SGK1
kinase activity.17 GSK-3β was also immunoprecipitated using anti-GSK-3β antibody (Cell
Signaling) from 500–1000 μg cell lysates, and incubated with GST-Snail. Kinase reactions
were carried out.17 The reactions were stopped by adding sodium dodecyl sulfate (SDS)
sample buffer and heating for 5 min at 95 °C. A volume of 20 μl of the sample was loaded
on 10% SDS-polyacrylamide gel electrophoresis gels, separated, and the level of Snail
phosphorylation was determined by autoradiography. Part of the reaction samples was used
for western blot to assess Snail and SGK1 levels.

Cyclic stretch
Kidney tubular cells were plated on silicone elastomer-bottomed or collagen-coated plates.
After achieving 90% confluence, cells were subjected to a cyclic mechanical stretch with a
computer-controlled mechanical Strain Unit (Flexcell 4000) set at cyclic (60 cycles/min)
stretch to yield a uniform deformation with 15% elongation of the elastomer-bottomed
plates.51

Chromatin immunoprecipitation assay
The mouse E-cadherin promoter sequence (accession number: AY566874) contains several
Snail recognition and binding elements. These are two E-boxes (CACCTG) located at –157
and –213 bp, respectively, from the transcription start site (sequence from 1117 to 1122 and
from 1173 to 1178). Chromosomal DNA from normal or stretched kidney tubular cells
derived from WT or SGK1 KO mice was isolated using a QiGene DNA Purification kit
(Qiagen, Valencia, CA, USA). The DNA was immunoprecipitated with anti-Snail antibody.
The PCR reactions used primers that flanked the E-box sequence; upstream from 1081 to
1102 (5′-TGGAGGAAGTTGAGGGCCCTGC-3′) and downstream from 1196 to 1173 (5′-
CGCAGAGGCTGCGGCCGCCAGGAG-3′). The expected size is 116 bp. DNA samples
before immunoprecipitation were used as a template for input control.

Immunofluorescence staining
Briefly, cells were fixed in 4% paraformaldehyde in PBS for 10 min at room temperature.
Cells were permeabilized in PBS containing 0.1% Triton X-100 and blocked by incubating
in 5% bovine serum albumin for 30 min. Fixed cells were washed with PBS and incubated
for 60 min at room temperature or overnight at 4 °C with primary antibodies. After washing
three times, the cells were stained with Fluor secondary antibodies (Invitrogene, Carlsbad,
CA, USA). Images were obtained using a deconvolution microscope with a Zeiss Plan
Apochromat 63×, 1.4 NA objective lens (Oberkochen, Germany).

Immunohistochemistry
Renal morphology was examined in 10% neutral-buffered formalin-fixed, paraffin-
embedded tissue sections after they were stained with periodic acid-Schiff or Masson's-
modified trichrome. For histological analysis, kidneys were perfused as described.51 After
removing paraffin, sections were incubated for 30 min in 3% H2O2 in methanol at room
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temperature, washed with PBS, and heated in a microwave in 10 mM citrate buffer (pH 6.0)
for 20 min. Sections were blocked using 10% goat serum (Vector Laboratories, Burlingame,
CA, USA) for 30 min, incubated with anti-α-SMA (Abcam, Cambridge, MA), anti-mouse
type I, and type IV collagen (Southern Biotechnology, Birmingham, AL, USA), anti-Snail
and fibronectin (Santa Cruz, Santa Cruz, CA, USA), or anti-SGK1 antibodies.52 The
staining protocol was performed according to the ABC kits (Vector Lab). The signals were
visualized using a peroxidase substrate kit (Vector Lab). The pictures were recorded using a
Nikon light microscope and staining intensity analyzed using Nikon software (Nikon Inc.,
Melville, NY, USA).

Western blot analysis
Protein from cells and kidney tissues was extracted with radio immunoprecipation assay
lysis buffer (1% Nonidet P-40, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, 0.5%
sodium deoxycholate, 1 mM sodium orthovanadate, and 1 mM sodium fluoride in PBS). After
determining the protein concentrations, 20 μg of the protein was mixed with an equal
amount of 2 × SDS loading buffer (100 mmol/l Tris-HCl, 4% SDS, 20% glycerol and 0.2%
bromophenol blue) for western blot analysis as described.51,53 The signals were visualized
using Odyssey image system (Li-COR, Lincoln, NE, USA).

Real-time RT-PCR
Total RNA from control and UUO kidneys were isolated using the RNeasy kit, according to
the manufacturer's instructions (Qiagen, Valencia, CA, USA). cDNAs were synthesized and
real-time PCRs were run with the Opticon real-time PCR machine (MJ Research, Waltham,
MA, USA). The specificity of real-time PCR was confirmed using routine agarose gel
electrophoresis and melting-curve analysis; GAPDH was used as an internal standard. The
primers used were mouse SGK1: forward 5′-TTCGTTAGCCTTTGGTGGAGTTGC-3′;
reverse 5′-AGCACCACGTTGGAAGGAAGAGAA-3′; and GAPDH forward 5′-
AGTGGGAGTTGCTGTTGAAATC-3′, reverse 5′-
TGCTGAGTATGTCGTGGAGTCTA-3′.

Ribonuclease protection assay
SGK1 and L32 RNA probes were synthesized and labeled with α-32P-CTP.51 RNA was
collected and purified from kidney tubular cells after exposure to mechanical stretch or
TGF-β. The hybridization, RNase digestion, and precipitation were carried out according to
the manufacturer's protocols (Torrey Pines Biolabs, East Orange, NJ, USA). Band intensities
were normalized to L32 house keeping gene.

Statistics
Results were expressed as the mean±standard deviation. Student's unpaired t-test and an
analysis of multiple variances by Scheff method was used for statistical comparison. P<0.05
was considered statistically significant.
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Figure 1. Unilateral ureteral obstruction (UUO)-induced kidney fibrosis was suppressed in
serum- and glucocorticoid-regulated kinase 1 (SGK1) knockout (KO) mice
(a) SGK1 expression in vivo was increased at 3 days after UUO. (b) Real time reverse
transcriptase-PCR analysis of UUO-induced SGK1 expression. (c) Kidney sections from
wild-type (WT) and SGK1 KO mice with or without UUO for 7 days were stained by
periodic acid-Schiff. The arrows point to damaged tubular cells and basement membrane
thickening. (d) Sections from control and obstructed kidneys from WT and SGK1 KO mice
were stained with Masson's-modified trichrome. The blue color shows extracellular collagen
deposition. (e) SGK1 KO inhibited UUO-induced collagen accumulation that was detected
by immunostaining with anti-collagen I or anti-collagen IV antibodies and processed with
3,3′-diaminobenzidine (DAB) (brown color). (f) SGK1 KO suppressed UUO-induced
collagen I expression. Cell lysates were prepared from control and UUO-treated kidney
cortex in WT and SGK1 KO mice after UUO at day 0, 3, 7, and 14. Collagen I expression
level was detected by western blot. GAPDH was used as internal loading control. (g)
Density analysis of (e). Data represent three repeated experiments. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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Figure 2. Unilateral ureteral obstruction (UUO)-induced epithelial–mesenchymal transition
(EMT) was suppressed by serum- and glucocorticoid-regulated kinase 1 (SGK1) knockout (KO)
in vivo
(a, b) UUO-induced α-smooth muscle actin (SMA) expression was attenuated by SGK1
KO. UUO surgery was carried out in wild-type (WT) and SGK1 KO mice; α-SMA was
determined by immunohistochemistry (a) and western blot analysis (b). GAPDH was used
as loading control. (c) Density analysis of panel (b). (d) SGK1 KO attenuates UUO-induced
Snail expression. Kidney sections were prepared from control and UUO-treated (3 days)
kidneys from WT and SGK1 KO mice. Immunohistochemistry was carried out with anti-
Snail antibody; the positive cells are shown in brown color. The arrows point to the Snail-
positive cells in dilated lumen in kidney tubule. (e, f) Western blot analysis of Snail
expression (e) and glycogen synthase kinase-3β (GSK-3β) phosphorylation in UUO-treated
WT and SGK1 KO mice. The bar graph shows the density analysis of the western blots. NS,
non-significant. *P<0.05 compared with control.
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Figure 3. Both mechanical stretch and transforming growth factor (TGF)-β induced epithelial–
mesenchymal transition (EMT) and serum- and glucocorticoid-regulated kinase 1 (SGK1)
expression
(a, b) Mechanical stretch changed cell morphology and cytoskeleton polarity in kidney
epithelial cells. Cells were seeded into silicone elastomer-bottomed six-well plates, and the
cell morphology (a) and F-actin (b) were photographed after 48-h stretch. (c, d) Both
mechanical stretch and TGF-β downregulate E-cadherin levels. Kidney epithelial cells were
treated with 3 ng/ml TGF-β or mechanical stretch, the protein levels of E-cadherin, α-
smooth muscle actin (SMA), and fibronectin were detected by western blot analysis (c) and
by immunofluorescence staining (d). (e) Mechanical stretch (ST) or TGF-β induces SGK1
mRNA level. Ribonuclease protection assay was carried out to detect the SGK1 mRNA
level. L32 was used as a loading control. (f) Mechanical stretch or TGF-β can increase
SGK1 promoter transcription activity. Cells were transfected with pSGK1-Luc and renilla
luciferase plasmid for 24 h, and were treated with mechanical stretch or TGF-β. The
luciferase activity was determined after 24 h and normalized with renilla luciferase. The
results represent three independent experiments. *P<0.05 compared with control. (g)
Mechanical stretch or TGF-β caused SGK1 expression. Ctl, control.
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Figure 4. Serum- and glucocorticoid-regulated kinase 1 (SGK1) knockout (KO) suppressed
mechanical stretch- or transforming growth factor (TGF)-β-induced epithelial–mesenchymal
transition (EMT) in vitro
(a, b) SGK1 KO inhibited mechanical stretch-induced cell morphology and cytoskeleton
rearrangement. Kidney tubular cells from wild-type (WT) and SGK1 KO mice were treated
with mechanical stretch for 24 h, and the morphology (a) and F-actin staining (b) were
detected. (c) TGF-β-induced E-cadherin downregulation was inhibited by SGK1 KO. (d)
Reexpression of SGK1 in SGK1 KO cells rescued the mechanical stretch- or TGF-β-caused
E-cadherin downregulation. The expression of SGK1 in SGK1 KO cells was achieved by
infection of SGK1 expression adenovirus. The lower panel shows the densitometry analysis.
The data represent three independent experiments. *P<0.05 compared with control.
**P<0.01 compared with control.
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Figure 5. Mechanical stretch- and transforming growth factor (TGF)-β-stimulated Snail
expression and activation was blocked by serum- and glucocorticoid-regulated kinase 1 (SGK1)
knockout (KO)
(a) Mechanical stretch and TGF-β induced Snail expression. (b) Snail and SGK1 inhibited
E-cadherin promoter activity. Tubular cells were transfected with pE-cadherin-luc plasmid
alone or co-transfected with pcDNA-flag-Snail or constitutive active pcDNA-SGK1 (256D);
the luciferase activity was assayed after 24 h. The inset shows western blot. Data represent
three independent experiments. *P<0.05 compared with control. **P<0.01 compared with
control. (c) SGK1 KO suppressed Snail DNA-binding activity. Wild-type (WT) and SGK1
KO kidney tubular cells were subjected to mechanical stretch or TGF-β; the chromatin
immunoprecipitation assay was carried out following the method described in Materials and
Methods. (d) SGK1 KO blocked mechanical stretch- or TGF-β-induced Snail nuclear
translocation. Kidney tubular cells from WT and SGK1 KO mice were transfected with
pCMV-flag-Snail expression plasmid for 24 h and then subjected to mechanical stretch or
TGF-β for 8 h. The immunofluorescence staining using anti-flag antibody was carried out.
The photographs were taken using a deconvolution microscope. (e) SGK1 KO inhibited
mechanical stretch-induced glycogen synthase kinase-3β (GSK-3β) phosphorylation. (f)
SGK1 cannot directly phosphorylate Snail. Purified recombinant GST-Snail was incubated
with either purified activated recombinant SGK1 or GSK-3β in 30 μl of kinase reaction
buffer containing γ-32P-ATP; the labeled signals were detected through radioactivity
exposure. The GST-GSK-3β was used as positive control for SGK1 kinase activity.
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Figure 6. Serum- and glucocorticoid-regulated kinase 1 (SGK1) knockout (KO) inhibits
unilateral ureteral obstruction (UUO)-induced β-catenin
(a) Mice kidney tubule cells were transfected with control vector or flag-DKK1 for 24 h or
treated with GSK3 inhibitor, lithium chloride, before being subjected to mechanical stretch.
The Snail mRNA levels were detected by real-time reverse transcriptase-PCR. (b) SGK1
KO suppressed UUO-induced β-catenin expression. Cell lysates were prepared from control
and UUO-treated kidney cortex in wild-type and SGK1 KO mice after UUO at day 0, 3, 7,
and 14. β-Catenin expression level was detected by western blot. GAPDH was used as
internal loading control. Data represent three repeated experiments. *P<0.05.
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Figure 7. Cartoon illustrating the role of serum- and glucocorticoid-regulated kinase 1 (SGK1) in
unilateral ureteral obstruction (UUO)-induced epithelial–mesenchymal transition (EMT)
signaling
The left panel shows normal condition; the expression of SGK1 and glycogen synthase
kinase-3β (GSK-3β) phosphorylation level are low, which causes phosphorylation of Snail
and its subsequent degradation; E-cadherin expression level is maintained. The right panel
shows UUO. The SGK1 expression is high and is followed by increased GSK-3β
phosphorylation and decreased kinase activity. The Snail phosphorylation and degradation
are blocked. After translocation to the nucleus, Snail binds with the E-box in the E-cadherin
(E-cad) promoter, which suppresses E-cadherin expression and thus causes EMT. TGF-β,
transforming growth factor-β.
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