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Background: The mechanisms for angiotensin (Ang) II-induced podocytopathy are not clear.
Results:Ang II induced calmodulin-dependent protein kinase (CaMK) II/cAMP response element-binding protein (CREB) and
Wnt/�-catenin signaling activation in podocytes. Blocking CaMK II/CREB inhibited Ang II-induced Wnt/�-catenin signaling
and blocking CaMK II/CREB/Wnt/�-catenin signaling attenuated Ang II-induced podocyte injury.
Conclusion: CaMK II/CREB/Wnt/�-catenin signaling cascade regulates Ang II-induced podocytopathy.
Significance: Targeting this pathway may offer protection against podocyte injury.

Angiotensin II (Ang II) plays apivotal role inpromotingpodo-
cyte dysfunction and albuminuria, however, the underlying
mechanisms have not been fully delineated. In this study, we
found that Ang II induced Wnt1 expression and �-catenin
nuclear translocation in cultured mouse podocytes. Blocking
Wnt signaling with Dickkopf-1 (Dkk1) or �-catenin siRNA
attenuated Ang II-induced podocyte injury. Ang II could also
induce the phosphorylation of calmodulin-dependent protein
kinase (CaMK) II and cAMP response element-binding protein
(CREB) in cultured podocytes. Blockade of this pathway with
CK59orCREB siRNAcould significantly inhibitAng II-induced
Wnt/�-catenin signaling and podocyte injury. In in vivo studies,
administration of Ang II promoted Wnt/�-catenin signaling,
aggregated podocyte damage, and albuminuria in mice. CK59
could remarkably ameliorate Ang II-induced podocyte injury
and albuminuria. Furthermore, ectopic expression of exoge-
nous Dkk1 also attenuated Ang II-induced podocytopathy in
mice. Taken together, this study demonstrates that the CaMK
II/CREB/Wnt/�-catenin signaling cascade plays an important
role in regulatingAng II-induced podocytopathy. Targeting this
signaling pathway may offer renal protection against the devel-
opment of proteinuric kidney diseases.

Podocytes are highly differentiated cells that reside on glo-
merular base membrane. They form the outer layer of the glo-
merular filtration barrier and prevent certain blood compo-
nents such as albumin from leaking into urine (1). The
maintenance of their highly specialized differentiated state is
indispensable for keeping normal structure and function of glo-
merular filtration barrier. Under diseased conditions, podo-
cytes may undergo several adaptive changes, such as hypertro-
phy and dedifferention, such adaptive changes will affect the
podocyte differentiated state, leading to podocyte dysfunction
and proteinuria. Various metabolic or hemodynamic factors
can damage podocytes (2). Among them, angiotensin II (Ang
II),4 a major component of renin-angiotensin system, plays a
critical role in podocyte function and inducing albuminuria,
such as in diabetic nephropathy (3, 4).
Ang II can induce changes in podocyte phenotype from a

dynamically stable state to adaptively migratory state, which
eventually exhausts podocytes with a high turnover of actin
cytoskeletal and causes podocyte depletion and focal segmental
glomerulosclerosis (5, 6). Podocytes express bothAT1 andAT2
receptors that provide high-affinity binding sites for Ang II
(7–13). Administration of exogenous Ang II or targeted over-
expression of AT1 to glomerular podocytes resulted in albumi-
nuria and focal segmental glomerular sclerosis in mice (4, 8, 14,
15). On the other hand, blocking the renin-angiotensin system
with ACE-I or ARB could benefit patients with chronic kidney
disease (13, 16–21). Previous studies have also demonstrated
that Ang II could stimulate podocytes to undergo de-differ-
entiation in an Ang II type 1 receptor-mediated fashion (7, 22,
23). Those studies have established an intimate linkage of Ang
II to the pathogenesis of podocyte injury and proteinuria. How-
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ever, the underlying mechanisms for Ang II inducing podocyte
injury need more investigation.
The Wnt gene family, which encodes secreted growth and

differentiation factors, has been implicated in controllingmany
biological processes (24, 25). Canonical Wnt/�-catenin signal-
ing is an evolutionarily conserved signaling pathway. Emerging
evidence suggests a pathogenic involvement forWnt/�-catenin
signaling in various kidney diseases, including kidney cancer,
renal fibrosis, cystic kidney diseases, and diabetic nephropathy
(26–30). Our previous studies have shown that activation of
Wnt/�-catenin signaling via adriamycin or TGF�1 led to podo-
cyte injury and albuminuria (27, 31). Other studies reported
that Ang II could induce Ca2� accumulation in podocytes
through both influx of Ca2� and the release of Ca2� from intra-
cellular stores (32, 33). Calmodulin-dependent protein kinase
(CaMK) II can be activated after intracellular calcium accumu-
lation in many cell types (34). CaMK II activates the down-
stream pathway that is mediated by the transcription factor
cAMP response element (CRE)-binding protein (CREB).
Recent studies also found that CaMKs/CREB activation is
accompanied by up-regulation of Wnt, suggesting a potential
involvement of CaMK II/CREB/Wnt signaling in the pathogen-
esis of podocyte injury (35, 36). Considering Ang II is able to
activate CaMK signaling in many cell types, it is highly possible
that Wnt/�-catenin may be activated downstream of CaMK
signaling by Ang II in podocytes, which likely mediates Ang
II-induced podocyte injury and proteinuria.
Here we demonstrate that Ang II can promote canonical

Wnt signaling activation and podocyte damage. Ang II induced
Wnts expression is mediated by CaMK II/CREB signaling acti-
vation. Blocking this signaling cascade ameliorates Ang II-trig-
gered podocyte injury in vitro and in vivo. This study provides a
mechanistic insight about CaMK II/CREB/Wnt/�-catenin sig-
naling in Ang II-induced podocyte damage and albuminuria.

MATERIALS AND METHODS

Cell Culture and Treatment—The conditionally immortal-
ized mouse podocyte cell line was kindly provided by Dr. Peter
Mundel. Topropagate podocytes, cellswere cultured at 33 °C in
RPMI1640mediumsupplementedwith 10% fetal bovine serum
and recombinant mouse interferon-� (R&D Systems, Minne-
apolis, MN). To induce differentiation, podocytes were grown
under nonpermissive conditions at 37 °C in the absence of
interferon-� and in the presence of retinoic acid (10�6 M) and
1,25-dihydroxyvitaminD (10�7 M) (37). Podocytes were treated
with recombinant Ang II (Sigma) at 1 �M, unless otherwise
indicated. For some experiments, podocytes were transiently
transfected with a FLAG-tagged Dkk1 expression plasmid
(pDkk1, provided by Dr. Xi He, Harvard Medical School, Bos-
ton, MA), �-catenin siRNA, or CREB siRNA by using Lipo-
fectamine 2000 reagent (Invitrogen) according to themanufac-
turer’s directions. For the CK59 experiment, podocytes were
pretreatedwithCK59 (208922,MerckKgcA,Germany) at 20 or
50 �M for 30 min followed by Ang II incubation.
DNA Constructs—Mouse Ang II full-length cDNA was

generated from mouse kidney tissue by RT-PCR using the fol-
lowing primers: sense, 5�-AGCTTATGCACAGATCGGAGA-
TGACTC-3�, antisense, 5�-GAATTCGAAGGGGTGGATGT-

ATACGCGG-3�. The amplified gene was confirmed by
sequencing and cloned into pcDNA3 vector for expression in
mammalian cells. Plasmids encoding Dkk1 were used as
described previously (31, 38).
Transfection and Luciferase Assay—The effect of Ang II on

�-catenin-mediated gene transcription was detected using
the TOP-flash TCF reporter plasmid containing two sets of
three copies of the TCF binding site upstream of the thymidine
kinase (TK) minimal promoter and luciferase open reading
frame (Millipore, Billerica, MA). Podocytes were cotransfected
with TOP-flash or FOP-flash plasmid (1 �g) and an internal
control reporter plasmid (0.1 �g) Renilla reniformis luciferase
driven under the TK promoter (pRL-TK; Promega). The trans-
fected cells were incubated in serum-free medium without or
with Ang II (10�6 M) as indicated. Luciferase assay was per-
formed using a dual luciferase assay system kit according to the
manufacturer’s protocols (Promega). Relative luciferase activ-
ity (arbitrary units) was reported as fold-induction over the
controls after normalizing for transfection efficiency.
Animal Models—Male CD1 or female Balb/c mice that

weighed �20–22 g were acquired from the Specific Pathogen-
Free Laboratory Animal Center of Nanjing Medical University
and maintained according to the guidelines of the Institutional
Animal Care and Use Committee at Nanjing Medical Univer-
sity. Ang II was infused at the rate of 1 �g/kg/min by a mini-
osmotic pump (Alzet) for 4 weeks in male CD1 mice. The Ang
II expression plasmid (pAng II) was injected intravenously at 1
mg/kg of body weight using a hydrodynamics-based in vivo
gene transfer approach in female Balb/c mice. Naked Dkk1
expression plasmid (pDkk1) was preinjected intravenously at 1
mg/kg of body weight for 12 h followed by pAng II injection. In
the CK59 treatment experiment, CK59was administered intra-
peritoneally at 10 �mol/kg/day.
Urinary Albumin and Creatinine Assay—Urinary albumin

was measured using a mouse albumin ELISA Quantification
kit according to the manufacturer’s protocol (Bethyl Labo-
ratories, Montgomery, TX). Urine creatinine was deter-
mined by a creatinine assay kit, according to the protocols by
the manufacturer.
Histologic and Immunohistochemical Staining—Renal sec-

tions were fixed in 4% paraformaldehyde, embedded in paraf-
fin, and deparaffinized in xylene. The sections were then
stained with hematoxylin/eosin for general histology. Paraffin-
embedded kidney tissue sections were deparaffinized and
hydrated and antigen-retrieved, and endogenous peroxidase
activity was quenched by 3% H2O2. Tissue sections were then
blocked with 10% normal donkey serum, followed by incubat-
ing with anti-Wnt1 (R&D, Minneapolis, MN), anti-�-catenin
(Abcam, Cambridge, UK), anti-WT1 (Santa Cruz), or anti-p-
CREB (Ser-133) overnight at 4 °C. After incubation with sec-
ondary antibody for 1 h, sections were then incubated with
ABC reagents for 1 h at room temperature before being sub-
jected to DAB incubation (Vector Laboratories, Burlingame,
CA). Slides were viewed with a Nikon Eclipse 80i Epimicro-
scope equipped with a digital camera (DS-Ri1, Nikon).
Immunofluorescent Staining—Cells cultured on coverslips

and kidney cryosectionswere fixedwith coldmethanol/acetone
(1:1) for 10 min at �20 °C. Following three extensive washings
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with PBS, the cells were blocked with 2% normal donkey serum
in PBS buffer for 40 min at room temperature and then incu-
bated with the anti-�-catenin (Abcam, Cambridge, MA), anti-
nephrin (Fitzgerald Industries International, Concord, MA),
anti-podocin (Sigma), or anti-WT1 followed by staining with
FITC or TRITC-conjugated secondary antibody. Cells were
double stainedwith 4�,6-diamidino-2-phenylindole to visualize
the nuclei. Slides were viewed with a Nikon Eclipse 80i epifluo-
rescence microscope equipped with a digital camera (DS-Ri1,
Nikon).
Western Blot Analysis—Cultured podocytes were lysed in 1�

SDS sample buffer. The kidneys were lysed with radioimmuno-
precipitation assay buffer containing 1% Nonidet P-40, 0.1%
SDS, 100 �g/ml of PMSF, 1% protease inhibitor mixture, and
1% phosphatase I and II inhibitor mixture (Sigma) on ice. The
supernatants were collected after centrifugation at 13,000 � g
at 4 oC for 30 min. The protein concentration was determined
by the bicinchoninic acid protein assay (BCAProtein Assay Kit,
Pierce) according to the manufacturer’s guide. An equal
amount of protein was loaded onto the SDS-PAGE gel and sep-
arated, then transferred onto polyvinylidene difluoride mem-
brane. The primary antibodies used were: anti-p-catenin (Ser-
33/37) (Cell Signaling Technology), anti-p-catenin (Ser-675)
(Cell Signaling Technology), anti-�-catenin (Abcam), anti-
podocin (Sigma), anti-Wnt1 (R&D Systems), anti-WT1
(Sigma), anti-p-CaMK II �/� (Thr-286/287) (Novus Biologi-
cals, Littleton, CO), anti-p-CREB (Ser-133), anti-CREB and
anti-p-LRP6 (Ser-1490) (Cell Signaling Technology), and anti-
�-actin (Santa Cruz Biotechnology). Quantification was per-
formed by measuring the intensity of the signals with the aid of
National Institutes of Health Image software package.
RT-PCR—Total RNA was extracted using TRIzol Reagent

(Invitrogen) according to the manufacturer’s instructions.
cDNAs were synthesized using 1 �g of total RNA, ReverTra
Ace (Toyobo, Osaka, Japan), and oligo(dT)12–18 primers
according to the manufacturer’s instructions. Gene expression
was measured by real-time PCR using cDNA, real-time PCR
MasterMixReagents (RocheApplied Science), and a set of gene
primers with 7300 real-time PCR system (Applied Biosystems).
The sequences of primer pairs were as follows: mouse podocin:
sense, 5�-TCTGGTCAAGAGATCAGCCA-3� and antisense,
5�-TATGGGCCCAAACATCTACA-3�; mouse Nephrin:
sense, 5�-CCCAGGTACACAGAGCACAA-3� and antisense,
5�-CTCACGCTCACAACCTTCAG-3�; mouse Wnt1: sense,
5�-AAATCGCCCAACTTCTGCA-3� and antisense, 5�-AAT-
ACCCAAAGAGGTCACAGC-3�; mouse Wnt3: sense, 5�-TTC-
TTAGATGGGCTTGTCACAGC-3� and antisense, 5�-TGGCT-
TCAGCATCTGTTACCTTC-3�; mouse Snail: sense, 5�-TCCT-
GCTTGGCTCTCTTGGT-3� and antisense, 5�-GGGTACAAA-
GGCACTCCATCA-3�; mouse Axin2: sense, 5�-TGACTCTCC-
TTCCAGATCCCA-3� and antisense 5�-TGCCCACACTAGG-
CTGACA-3�;mouseMMP7: sense, 5�-CACTCACTGGGTCCT-
CCATT-3� and antisense, 5�-CATTCCGTCAAGATGACCCT-
3�; mouse GAPDH: sense, 5�-CCTCGTCCCGTAGACAAA-
ATG-3�, and antisense, 5�-TCTCCACTTTGCCACTGCAA-3�.
The relative amount of miRNA or gene to internal control was
calculated using the equation 2�C

T, in which �CT � CT,gene �
CT,control.

Electronic Microscopy—Mouse kidneys were fixed with 2.5%
gluteraldehyde, 0.1 M sodium cacodylate, and 5 mM calcium
chloride (pH 7.2) at room temperature. Postfixation was com-
pleted with 1% OsO4 for 1 h. Specimens were dehydrated in
graded ethanols and infiltrated with a 1:1 mixture of propylene
oxide-Polybed 812 epoxy resin for 3 h at room temperature,
followed by a re-infiltration with pure epoxy resin overnight at
4 °C. Samples were embedded and polymerized at 60 °C for 48
to 72 h. Ultrathin sections (60 nm) were stained with 2% uranyl
acetate, followed by 1% lead citrate. Electronmicrographs were
takenwith aZeiss 910AdvancedTransmission ElectronMicro-
scope (Zeiss).
Statistical Analysis—All data examined are presented as

mean � S.E. Statistical analysis of the data were performed
using Sigma Stat software (Jandel Scientific Software, San
Rafael, CA). Comparison between groups was made using one-
way analysis of variance, followed by the Student-Newman-
Keuls test. p 	 0.05 was considered statistically significant.

RESULTS

Ang II ActivatesWnt/�-Catenin Signaling and Induces Podo-
cyte Injury in Cultured Podocytes—In cultured immortalized
mouse podocytes, Ang II could inhibit nephrin and podocin
expression in a time- and dose-dependent manner (data not
show). To investigate if Ang II-induced podocyte damage is
mediated byWnt/�-catenin signaling, we treatedmouse podo-
cytes with Ang II. Ang II significantly inducedWnt1 andWnt3
mRNA expression as early as 6 h and maintained a high level
24 h after treatment (Fig. 1A). Wnt1 protein abundance was
also increased at 24 h after Ang II treatment (Fig. 1B). It has
been reported that phosphorylation of �-catenin at Ser-33/37
promotes its degradation, whereas phosphorylation at Ser-675
induces �-catenin accumulation in the nucleus and increases
its transcriptional activity (39, 40). To investigate whether
�-catenin, the central component of the canonical Wnt signal-
ing pathway, is also activated after Ang II treatment, p-�-
catenin (Ser-33/37) and p-�-catenin (Ser-675) were detected in
the podocytes after Ang II treatment, respectively. Fig. 1, C and
D, show that Ang II could time dependently decrease p-�-
catenin (Ser-33/37) abundance, accompanied by a increase of
p-�-catenin (Ser-675), indicating the inhibition of �-catenin
degradation in podocyte cytoplasm after Ang II treatment. To
further investigate whether the cytoplasm-accumulated
�-catenin undergoes nuclear translocation, podocyte cyto-
plasm and nuclei protein were extracted and �-catenin abun-
dance was detected by Western blot, respectively. As shown in
Fig. 1E, �-catenin abundance was reduced in the cytoplasm
after Ang II treatment, which was in parallel with increased
�-catenin in the nuclei, suggesting �-catenin underwent nuclei
translocation after Ang II stimulation. Immunofluorescent
staining for�-catenin further confirmed this phenomenon (Fig.
1F). We also assessed the functional consequence of �-catenin
signaling activation by examining �-catenin-mediated gene
transcription in a luciferase reporter system. As shown in Fig.
1G, Ang II could significantly induce �-catenin-mediated gene
transcription in cultured podocytes. In addition, LRP6 phos-
phorylation was also induced in podocytes treated with Ang II
in a time-dependent manner (Fig. 1H).
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Wnt/�-Catenin Signaling Activation Is Involved in Ang II-
induced Podocyte Injury—The data above showed that Ang II
could promoteWnt/�-catenin signaling in podocytes.We then
tested if Wnt/�-catenin signaling mediated Ang II-induced
podocyte damage. We overexpressed Dickkopf-1 (Dkk1), a
canonicalWnt signaling blocker through binding with LRP5/6,
in cultured podocytes. Dkk1 overexpression inhibited the Ang
II-induced p-�-catenin decrease (Ser-33/37) (Fig. 2A). The
expression levels of podocin and nephrin were also largely
restored in Dkk1 over-expressing podocytes (Fig. 2, B–D). To
further investigate the role of canonical Wnt signaling in Ang
II-induced podocyte injury, we transfected podocytes with
�-catenin siRNA to reduce �-catenin expression. Compared

with scramble siRNA, �-catenin siRNA transfection could
remarkably reduce �-catenin protein abundance in podocytes
(Fig. 2E). Similar to the results in Dkk1 treatment, knockdown
of �-catenin could remarkably reverse Ang II-induced nephrin
and podocin reduction, suggesting a pivotal role of Wnt/�-
catenin signaling in Ang II-promoted podocyte damage.
CaMK II/CREB Is Involved inAng II-inducedWnt/�-Catenin

Signaling Activation and Podocyte Injury—The data thus far
suggest that Wnt/�-catenin signaling plays a critical role in
mediating Ang II-induced podocyte injury. We further asked if
the CaMK II/CREB pathway is involved in Ang II-induced
Wnt/�-catenin activation and podocyte injury. We analyzed
CaMK II and CREB phosphorylation in podocytes treated with

FIGURE 1. Ang II activates Wnt/�-catenin signaling in cultured podocytes. A, real-time PCR analysis showing the induction of Wnt1 and Wnt3 mRNA at
different time points after Ang II treatment as indicated, the asterisk indicates p 	 0.05 compared with controls (n � 3). B, Western blot showing Wnt1 protein
abundance in podocytes after Ang II treatment, �-actin was probed as normalization. C and D, Western blot showing p-�-catenin (Ser-33/37) and p-�-catenin
(Ser-675) abundance after Ang II treatment, �-actin was probed as normalization (C); semi-quantitative analysis for p-�-catenin (Ser-33/37) and p-�-catenin
(Ser-675) abundance (D). E, Western blot showing �-catenin abundance in podocyte cytoplasm or nuclei after Ang II treatment. F, representative immunofluo-
rescent staining images showing �-catenin underwent nuclear translocation after Ang II treatment. Arrows indicate �-catenin positive nuclei. Cells were
counterstained with DAPI for nuclear visualization. G, the graph showing the result for �-catenin-mediated gene transcriptional activity assay. Podocytes were
transfected with TOP-flash reporter or FOP-flash plasmid. Relative luciferase activity was reported as the mean � S.E., the asterisk indicates p 	 0.05 versus
control (n � 3). H, Western blotting assay showing the abundance of the phosphorylated LRP6 and quantitative analysis for p-LRP6 in mouse podocytes after
Ang II treatment.
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Ang II (10�6M) at different timepoints.CaMKIIwas phosphor-
ylated at as early as 1min afterAng II treatment andmaintained
at a high level for at least 3 h (Fig. 3, A and B). CREB phospho-
rylation was also increased at as early as 5 min and reached a
peak at 10 to 15 min (Fig. 3, C and D). In addition, we treated
podocytes with CK59, a CaMK II blocker. CK59 treatment
inhibited Ang II-induced Wnt1 and Wnt3 mRNA expression,
CREB phosphorylation, and �-catenin phosphorylation, indi-

cating that CaMK II plays a major role in Ang II-induced CREB
phosphorylation and canonicalWnt signaling activation (Fig. 4,
A and B).
We then evaluated if blocking CaMK II could attenuate Ang

II-induced podocyte damage. The mouse podocytes were pre-
treated with CK59, and then treated with Ang II (10�6 M) for
24 h. Ang II could significantly inhibit nephrin and podocin
mRNA expression, whereas CK59 restored nephrin and podo-

FIGURE 2. Wnt/�-catenin signaling mediates Ang II-induced podocyte injury. A, Western blot showing p-�-catenin (Ser-33/37) abundance in podocytes.
B, Western blot showing podocin protein abundance in podocytes. C and D, real-time PCR analysis showing nephrin and podocin mRNA abundance, the
asterisk indicates p 	 0.05 compared with controls (n � 3); # indicates p 	 0.05 compared with Ang II plus pcDNA3-treated cells (n � 3). E, Western blot showing
�-catenin abundance after �-catenin siRNA transfection. F, Western blot showing podocin abundance. G and H, real-time PCR analysis showing nephrin and
podocin mRNA abundance, the asterisk indicates p 	 0.05 compared with controls (n � 3), # indicates p 	 0.05 compared with Ang II plus scramble
siRNA-treated cells (n � 3).
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cin expression (Fig. 4C). Western blotting results also showed
that CK 59 could restore podocin protein expression in the
podocytes (Fig. 4D).
CREB functions as the downstream of CaMK II. We found

that Ang II could induce CREB phosphorylation in cultured
podocytes. To test the role of CREB inAng II-induced podocyte
injury, CREB siRNAwas used to knockdown CREB expression.
Similar to the observations derived from CK59 treatment,
reduction of CREB expression could inhibit Ang II-induced
Wnt1 and Wnt3 mRNA expression (Fig. 5A). Wnt1 protein
expression and phosphorylated �-catenin were also inhibited
(Fig. 5, B and C). Podocyte diffentiation markers including
nephrin and podocin were also restored with CREB siRNA
transfection (Fig. 5, D–F). These data indicate that CaMK

II/CREB is involved inAng II-inducedWnt signaling and podo-
cyte damage.
Wnt/�-Catenin Signaling Is Activated in Ang II-induced

Podocytopathy in Mice—To decipher the effects of Ang II on
podocytes in mice, we created two mouse models for Ang II-
induced podocyte damage.Mini pumps filledwith purifiedAng
II protein were embedded subcutaneously in mice. Two weeks
later, mice embedded with Ang II-infused mini pumps devel-
oped heavy albuminuria (Fig. 6A). Alternatively, we injected
Ang II-expressing plasmid by a hydrodynamicmethod through
the tail vein to induce kidney disease. Ang II mRNA abundance
was increased about 30-fold in liver at 16 h after Ang II plasmid
injection comparedwith those injectedwith empty vector (data
not show), suggesting a successful delivery of exogenous Ang II

FIGURE 3. Ang II activates CaMK II/CREB signaling in podocytes. A, Western blot showing the induction of p-CaMK II (Thr-286/287) after Ang II treatment,
CaMK II was probed as normalization. B, semi-quantitative analysis for p-CaMK II abundance. C, Western blot showing the levels of p-CREB (Ser-133) after Ang
II treatment. D, semi-quantitative analysis for p-CREB abundance, the asterisk indicates p 	 0.05 compared with control (n � 3).

FIGURE 4. Blockade of CaMK II with CK59 attenuates Ang II-induced Wnt/�-catenin signaling activation and podocyte damage. A, real-time PCR analysis
showing the abundance of Wnt1 and Wnt3 mRNA in podocytes. Asterisk indicates p 	 0.05 compared with controls (n � 3); # indicates p 	 0.05 compared with
Ang II-treated cells (n � 3). B, Western blot showing p-CREB and p-�-catenin (Ser-33/37) abundance in podocytes. C, real-time PCR analysis showing the
abundance of nephrin and podocin mRNA in podocytes. The asterisk indicates p 	 0.05 compared with controls (n � 3), # indicates p 	 0.05 compared with Ang
II-treated cells (n � 3). D, Western blot showing podocin protein abundance.
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gene. Ang II plasmid injection also induced albuminuria as
early as 1 week after injection, suggesting that Ang II plasmid
injection could also cause podocyte damage (Fig. 6B). In the
Ang II group, there was no obvious glomerular changes as eval-
uated under lightmicroscopy at week 4 after injection (Fig. 6C),
but foot process effacement could be detected via transmissive
electronicmicroscopic analysis (Fig. 6D). Comparedwith those
of sham control, the levels of nephrin, podocin,WT1, as well as
CD2APmRNAs were significantly reduced in kidney tissues of
the Ang II group (Fig. 6E). Podocin and WT1 protein levels
were also significantly decreased (Fig. 6, F andG). Immunofluo-
rescent staining indicated that nephrin and podocin signals
were attenuated in the Ang II group compared with those in
controls. The number ofWT1 positive cells per glomerular was
also sharply decreased in Ang II-treated mice (Fig. 6, H–M).
Taken together, these in vivomodels suggest that exogenously
delivered Ang II could induce podocyte damage and albuminu-
ria in mice.
In the Ang II protein-infused mice, both Wnt1 and Wnt3

mRNA were increased about 4-fold compared with the vehicle
controls, whereas the levels of Wnt5a and Wnt5b were not
changed (Fig. 7A). TheWnt1 protein level was increased about
2-fold after Ang II treatment (Fig. 7, B and C). Phosphorylated
�-catenin at Ser-33/37 was decreased about 60% in kidney tis-
sues of the Ang II group compared with that in the control
group (Fig. 7, D and E), suggesting the inhibition of �-catenin
degradation in Ang II-treated kidneys. Immunohistochemical
staining revealed that the Wnt1 protein was elevated in podo-
cytes (Fig. 7F), and that�-catenin could be detected in podocyte
nuclei, indicating �-catenin undergoing nuclear translocation
in the podocytes of the Ang II group (Fig. 7G).We also detected
the mRNA expression level of three �-catenin target genes
including Snail, Axin2, and MMP7 in Ang II-treated kidneys.
As shown in Fig. 7H, all of themwere significantly up-regulated
compared with those in control kidneys. Together, the data

above demonstrates that Wnt/�-catenin signaling is activated
in Ang-II treated kidneys.
CK59 Attenuates Ang II-induced Podocyte Injury and Albu-

minuria in Mice—After demonstrating the important roles of
CaMK II/CREB in Ang II-induced Wnt/�-catenin signaling
and podocyte injury in cultured cells, we performed additional
experiments to delineate if blocking this pathway with CK59
could reverse Ang II-induced podocytopathy in mice. CK59
was injected intraperitoneally at 10 �mol/kg/day. Two weeks
after Ang II-plasmid injection, mice developed albuminuria
and CK59 treatment could largely abolish it (Fig. 8A). In iso-
lated glomeruli, the extent of �-catenin phosphorylation (p-�-
catenin at Ser-675) was decreased, suggesting a reduction of
�-catenin signaling.Nephrin expressionwasmarkedly restored
in the CK59-treated group (Fig. 8B). Immunohistochemical
staining revealed that Ang II plasmid injection induced CREB
phosphorylation and Wnt1 protein expression in podocytes,
whereas CK59 could inhibit such effects. The immunofluores-
cent staining result of nephrin further confirmed the immuno-
blot observations (Fig. 8C).
Dkk1 Ameliorates Ang II-induced Podocyte Injury and Albu-

minuria inMice—To explore the role ofWnt/�-catenin signal-
ing in Ang II-induced podocyte dysfunction and albuminuria,
we injected mice with the Dkk1 expressing plasmid to induce
exogenous Dkk1 overexpression. The control mice were
injected with pcDNA3 plasmid. Sixteen hours after injection,
mice received Ang II expressing plasmid or control vector
injection, respectively. Oneweek after Ang II plasmid injection,
mice developed albuminuria compared with the pcDNA3 con-
trol. In contrast, the mice injected with Dkk1 plasmid showed
reduced albuminuria (Fig. 9A). To further identify the podocyte
damage in thesemice, we isolated glomeruli and used real-time
PCR to detect nephrin and podocin mRNA abundance. Ang II
plasmid injection down-regulated glomerular nephrin and
podocin mRNA expression (Fig. 9, B and C), whereas ectopic

FIGURE 5. Knockdown of CREB expression inhibits Ang II-induced Wnt/�-catenin signaling activation and podocyte damage. A, real-time PCR analysis
showing the abundance of Wnt1 and Wnt3 mRNA in podocytes, the asterisk indicates p 	 0.05 compared with controls (n � 3); # indicates p 	 0.05 compared
with Ang II-treated cells (n � 3). B, Western blot showing CREB, Wnt1, and p-�-catenin (Ser-675) abundance in podocytes. C, semi-quantitative analysis for Wnt1
and p-�-catenin (Ser-675) abundance, the asterisk indicates p 	 0.05 compared with control (n � 3). D, real-time PCR analysis showing the abundance of
nephrin and podocin mRNA in podocytes, the asterisk indicates p 	 0.05 compared with controls (n � 3), the asterisk indicates p 	 0.05 compared with Ang
II-treated cells (n � 3). E, Western blot for podocin protein. F, semi-quantitative analysis for podocin protein abundance, the asterisk indicates p 	 0.05
compared with control (n � 3).
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expression of Dkk1 remarkably restored their expression, indi-
cating a protective role of blockingWnt/�-catenin signaling in
Ang II-promoted podocyte damage and albuminuria.

DISCUSSION

We report here that Ang II can promote canonical Wnt sig-
naling activation and podocyte damage. Ang II-induced Wnts
up-regulation ismediated by the CaMK II/CREB signaling acti-
vation. Inhibition of this signaling cascade ameliorates the Ang
II-triggered podocyte injury in vitro and in vivo. This study
provides a mechanistic insight about CaMK II/CREB/Wnt/�-

catenin signaling in Ang II-induced podocyte damage and
albuminuria.
Although podocytes are specialized, terminally differenti-

ated visceral epithelial cells that reside on the glomerular base-
ment membrane outside the glomerular capillaries, they can
undergo a range of adaptive changes, including hypertrophy,
dedifferentiation, detachment, and apoptosis. Such adaptive
changes can affect the podocyte differentiated state and will
lead to podocyte dysfunction and proteinuria. Accumulated
evidence suggests that alteration in the podocyte phenotype
plays an important role in podocyte dysfunction and albuminu-

FIGURE 6. Ang II induces podocyte injury and albuminuria in mice. A, male CD1 mice were subcutaneously embedded with a mini pump infused with
purified Ang II protein. ELISA was used for urinary albumin excretion. The asterisk indicates p 	 0.05 compared with sham controls (n � 5); B, female Balb/c mice
were injected with Ang II expression plasmid through the tail vein. ELISA was used for urinary albumin excretion. The asterisk indicates p 	 0.05 compared with
control mice injected with pcDNA3 (n � 5). C, representative images for HE staining. D, representative images for transmissive electronic microscopic
examination. E, real-time PCR analysis for the nephrin, podocin, CD2AP, and WT1 mRNA in kidney tissues, the asterisk indicates p 	 0.05 compared with sham
controls (n � 5). F, Western blot showing podocin and WT1 protein abundance. G, semi-quantitative analysis for podocin and WT1 protein abundance, the
asterisk indicates p 	 0.05 compared with Sham controls (n � 3). H–M, representative immunofluorescent staining images for nephrin, podocin, and WT1 as
indicated from sham control (H, J, and L) and Ang II-treated mice (I, K, and M).
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ria. Clinically, in diabetic patients, podocytes that undergo phe-
notypic alterations can be detected in excreted urine samples.
Sustained activation of the renin-angiotensin-aldosterone sys-
tem is crucial to the pathogenesis of podocyte injury, but the
mechanism by which Ang II modulates podocyte injury
remains unclear (1, 41–43). Podocytes possess a local renin-

angiotensin system that includes Ang II type 1 receptors (3, 8).
Within the glomerulus, Ang II decreases the ultrafiltration
coefficient andmodulates glomerular capillary permselectivity,
leading to proteinuria. It has been reported that Ang II directly
influences the functions of podocytes dependent on the Ang II
type 1 receptor (44, 45). A large body of evidence supports that

FIGURE 7. Ang II activates Wnt/�-catenin signaling in podocytes from mice. A, real-time PCR analysis for Wnt1, Wnt3, Wnt5a, and Wnt5b mRNA abundance
in kidney tissues, the asterisk indicates p 	 0.05 compared with sham controls (n � 5). B and C, Western blot and semi-quantitative analysis for Wnt1 protein
abundance in kidney tissues from sham control and Ang II-infused mice. Asterisk indicates p 	 0.05 compared with sham controls (n � 3). D and E, Western blot
and semi-quantitative analysis for p-�-catenin (Ser-33/37) protein abundance in kidney tissues from sham control and Ang II-infused mice, the asterisk indicates
p 	 0.05 compared with sham controls (n � 3) (E). F and G, representative immunohistochemical staining images for Wnt1 and �-catenin protein in glomeruli,
arrows indicate staining positive podocytes. H, real-time PCR analysis for the Snail, Axin2, and MMP7 mRNA expression in kidney tissues, the asterisk indicates
p 	 0.05 compared with sham control (n � 3– 4).
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inhibition of the renin-angiotensin systemmitigates many del-
eterious processes in podocytes, thereby reducing the extent of
injury. In this study, we found that Ang II could decrease neph-
rin and podocin expression in podocytes. Further experiments

demonstrated that the exogenousAng II could induce podocyte
damage and albuminuria in mice. These findings suggest that
Ang II can promote podocyte phenotypic alteration and podo-
cyte dysfunction (17, 46).
It has been reported that Ang II induces Ca2� accumulation

in podocytes through both influx of Ca2� and release of Ca2�

from intracellular stores (32, 33). CaMK II can be activated after
intracellular calcium accumulation in many cell types (34). In
podocytes, we found that Ang II could promote CaMK II phos-
phorylation, which was also found in other cell types such as
myocytes (47). Inhibition of CaMK II with CK59 could largely
restore Ang II-induced podocyte damage, suggesting a critical
role of CaMK II in regulating Ang II-induced podocyte injury.
CaMKs and the phosphatase calcineurin activate distinct
downstream pathways that are mediated by the transcription
factor, CRE-binding protein (CREB), and the nuclear factor of
activated T cells, respectively. The CREB is common down-
streamofCaMKs, which functions in a broad array of biological
and pathophysiological processes (48). In our study, Ang II
stimulated CREB phosphorylation in podocytes, and reduction
of its expression with CREB-specific siRNA could also inhibit
the effects of Ang II on podocyte injury, suggesting that the
CaMK II/CREB pathway is involved in Ang II-induced podo-
cyte damage.Our results are confirmed byKang et al. (49) stud-
ies that VEGF induction by Ang II treatment in podocyte was
mediated byCREB activation,which played a pathogenic role in
diabetic nephropathy. However, in HIV-associated nephropa-
thy, CREB phosphorylation has been associated with podocyte
differentiation (50). The reason behind such a discrepancy is
still not clear.

FIGURE 8. CK59 ameliorates the Ang II-induced podocyte injury and albu-
minuria in mice. A, urinary albumin excretion in mice, the asterisk indicates
p 	 0.05 compared with controls (n � 4 –5), # indicates p 	 0.05 compared
with Ang II plus vehicle-treated mice (n � 5). B, Western blot for p-�-catenin
(Ser-675) and nephrin protein abundance in isolated glomeruli. C, represent-
ative immunohistochemical staining images for p-CREB (Ser-133), Wnt1, and
nephrin protein in glomeruli.

FIGURE 9. Blockade of Wnt signaling with ectopic expression of Dkk1 ameliorates Ang II-induced podocyte injury and albuminuria in mice. A, urinary
albumin excretion in mice, the asterisk indicates p 	 0.05 compared with controls (n � 5), # indicates p 	 0.05 compared with Ang II plus pcDNA3-treated mice
(n � 5). B and C, real-time PCR analysis for nephrin and podocin mRNA, the asterisk indicates p 	 0.05 compared with controls (n � 5), # indicates p 	 0.05
compared with Ang II plus pcDNA3-treated mice (n � 5). D, schematic model illustrates that Ang II can stimulate a cascade of signaling pathway in podocytes,
including activation of CaMK II, CREB, and Wnt/�-catenin signaling, which leads to podocyte injury and albuminuria. Inhibition of this signaling cascade with
Dkk1, �-catenin siRNA, CREB siRNA, and CK59 ameliorates Ang II-induced podocyte injury.
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CaMK II/CREB signaling activation can regulate many
downstream target genes expression, among which Wnt has
gained our attention (51–53). Previous studies including ours
show that Wnt/�-catenin signaling activation could promote
podocyte dedifferentiation and proteinuria (26, 54, 55). We
have also reported that factors such as adriamycin and TGF�1
could induceWnt/�-catenin signaling activation in podocytes.
Podocyte-specific deletion of the �-catenin gene protects
against the development of albuminuria after injury. We found
that Wnt/�-catenin activation induced the expression of the
transcription factor Snail (27, 56). Targeting theWnt signaling
pathway with Dickkopf-1, a Wnt antagonist, blocks TGF-�1-
induced podocyte injury and albuminuria (26, 29, 31). Here, we
demonstrated that Ang II could activate canonical Wnt signal-
ing, and blocking this signaling could ameliorate Ang II-in-
duced alterations of podocyte phenotype and albuminuria.
Concomitant expression of Dickkopf-1 gene abolished Ang II-
triggeredWnt target gene expression, andmitigated albuminu-
ria. Furthermore, we also demonstrated that blocking CaMK
II/CREB signalingwithCK59orCREB siRNAcould inhibitAng
II-induced Wnt/�-catenin signaling activation. Thus, it is
likely that CaMK II/CREB as well as canonical Wnt/�-
catenin signaling is involved in Ang II-driven podocyte
injury and proteinuria.
In summary, this study demonstrates that Ang II can trigger

CaMK II/CREB signaling, and this signaling mechanism can
lead to subsequent activation of the Wnt/�-catenin signaling
pathway that may underlie podocyte injury (Fig. 9D). Targeting
these signaling cascades may protect against Ang II-induced
podocytopathy and albuminuria.
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