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ABSTRACT

Podocyte dysfunction, one of the major causes of proteinuria, leads to glomerulosclerosis and end stage
renal disease, but its underlying mechanism remains poorly understood. Here we show that Wnt/B-catenin
signaling plays a critical role in podocyte injury and proteinuria. Treatment with adriamycin induced Wnt and
activated B-catenin in mouse podocytes. Overexpression of Wnt1 in vivo activated glomerular 3-catenin and
aggravated albuminuria and adriamycin-induced suppression of nephrin expression, whereas blockade of
Whnt signaling with Dickkopf-1 ameliorated podocyte lesions. Podocyte-specific knockout of p-catenin pro-
tected against development of albuminuria after injury. Moreover, pharmacologic activation of B-catenin
induced albuminuria in wild-type mice but not in B-catenin-knockout littermates. In human proteinuric kidney
diseases such as diabetic nephropathy and focal segmental glomerulosclerosis, we observed upregulation of
Whnt1 and active pB-catenin in podocytes. Ectopic expression of either Wnt1 or stabilized p-catenin in vitro
induced the transcription factor Snail and suppressed nephrin expression, leading to podocyte dysfunction.
These results suggest that targeting hyperactive Wnt/B-catenin signaling may represent a novel therapeutic

strategy for proteinuric kidney diseases.
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Proteinuria, resulting from defects in glomerular fil-
tration, is an early pathologic feature of many com-
mon forms of chronic kidney diseases (CKDs) such as
diabetic nephropathy (DN) and focal segmental glo-
merulosclerosis  (FSGS). As CKD inevitably
progresses into end-stage kidney failure, a devastating
condition that necessitates renal replacement therapy
and is growing at a rate of 6 to 7% annually, this poses
an enormous challenge to the medical community
and society worldwide.?> The glomerular filtration
barrier is composed of three layers: inner fenestrated
endothelium, glomerular basement membrane, and
outer glomerular visceral epithelium (podocyte). In-
creasing evidence indicates that podocyte dysfunc-
tion, as manifested by foot process effacement and
phenotypic alteration, plays a crucial role in confer-
ring the defective glomerular filtration and onset of
proteinuria.>* Recent studies have established that
mutations or deletion of several slit diaphragm (SD)-
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associated proteins (e.g., nephrin and podocin) con-
tribute to podocyte dysfunction, leading to the devel-
opment of massive proteinuria and congenital
nephrotic syndrome in animal models and pa-
tients.>7 However, how podocyte dysfunction is trig-
gered in many acquired forms of proteinuric kidney
diseases including DN, in which mutations of SD pro-
teins are rare,®° remains ambiguous.

Wnhts are a family of secreted glycoproteins that
play an essential role in organogenesis, stem cell ho-
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Figure 1. Wnt/B-catenin signaling is activated in podocytes after injury in vivo and in vitro. (A and B) RT-PCR demonstrates an altered
expression of various (A) Wnt and (B) Frizzled receptor (Fzd) mRNA in the glomeruli isolated from mice at 1 d after ADR injection. (C)
Immunohistochemical staining shows Wnt1 and B-catenin induction in podocytes after ADR injury. Arrows indicate the Wnt1-positive
cells. Arrowheads show the cytoplasmic and nuclear staining of B-catenin. Scale bar, 30 um. (D) Western blot demonstrates an induction
of Wnt1 protein in the glomeruli isolated from mice at different time points as indicated after ADR injection. (E) Activation of B-catenin
signaling in the isolated glomeruli after ADR injection. Glomerular lysates were immunoblotted with antibodies against active and total
B-catenin, respectively. (F and G) RT-PCR and Western blot demonstrate upregulation of Wnt1 (F) mRNA and (G) protein expression

in podocytes after injury in vitro. Mouse podocytes were treated

meostasis, and tumor formation.'-'*> Upon binding to their cell
membrane receptor Frizzled and coreceptors LRP5/6, Wnts in-
duce a series of downstream signaling events involving Dishev-
eled, axin, adenomatosis polyposis coli, and glycogen synthase
kinase-38 (GSK-3f), resulting in dephosphorylation of 3-cate-
nin. This causes the stabilization of 3-catenin, leading to its trans-
location into the nuclei, where it binds to T cell factor/lymphoid
enhancer-binding factor to stimulate the transcription of Wnt
target genes.'* This canonical Wnt/B-catenin signaling in vivo is
tightly regulated in multiple ways. There are several secreted an-
tagonists of Wnt signaling, including soluble Frizzled-related pro-
tein, Wnt inhibitory factor, and Dickkopf (DKK).!%14 Of them,
DKK is quite unique in that it specifically inhibits the canonical
Wnt signaling pathway by binding to the LRP5/6 component of
the receptor complex.!51¢

‘Wnt/B-catenin signaling is implicated in kidney development
and diseases. In metanephric kidney, Wnt4 and Wnt9b are highly
expressed in the branching ureteric bud and in nephrogenic mes-
enchyme, and canonical Wnt signaling is functionally important
for renal epithelial cell lineage specification and mesenchymal-
epithelial transition during metanephric kidney develop-
ment.!”-1* However, in adult kidney, Wnt signaling appears si-
lenced.!7-20:21 Re-activation of Wnt/f3-catenin signaling occurs in
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with ADR (10 pg/ml) for various periods of time as indicated.

certain types of kidney diseases, including obstructive nephropa-
thy.2>-25 However, whether Wnt/-catenin signaling is implicated
in podocyte homeostasis and dysfunction, is unknown.

Here we report that Wnt/3-catenin signaling is activated in
glomerular podocytes after injury in vivo and in vitro. Ectopic
expression of exogenous Wntl gene exacerbates podocyte injury
and albuminuria in mice induced by adriamycin (ADR), whereas
blockade of Wnt signaling with DKK1 ameliorates podocyte dys-
function. Furthermore, genetic ablation of B-catenin in podo-
cytes protects against the development of proteinuria. These stud-
ies underscore a critical role of hyperactive Wnt/B-catenin
signaling in mediating podocyte dysfunction and proteinuria.
Our findings suggest that Wnt/f-catenin signaling could be a
novel target for therapeutic intervention of a variety of proteinuric
kidney diseases.

RESULTS

Wnt/B-Catenin Signaling Is Activated in Podocytes
after Injury In vivo and In vitro

We first examined Wnt expression in ADR nephropathy, a widely
used and well characterized model of podocyte injury and pro-
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teinuria in mice.2®2” As shown in Figure 1A, a
comprehensive survey of all 19 Wnts in
mouse by reverse transcriptase(RT)-PCR
showed that the mRNA expression of several
Wnats, including Wntl, Wnt2b, Wnt6, and
Wnt9a, was significantly induced in the iso-
lated glomeruli as early as day 1 after ADR
injection. Moderate induction of Wnt4 and
Wntl0a and slight inhibition of Wnt2 and
Wntll were also evident. We further exam-
ined the expression of various Frizzled recep-
tors in the isolated glomeruli. Among ten dif-
ferent Fzd receptors, most were expressed in
mouse glomeruli, and only Fzd5 mRNA was
induced after ADR injury (Figure 1B). Con-
sistent with the mRNA induction, Wnt1 pro-
tein expression in the glomeruli was also in-
duced starting at day 1 and reached the peak
at day 3 (Figure 1, C and D), indicating that
Wntl induction is an early event that signifi-
cantly precedes or parallels with the onset of
proteinuria in this model. Immunohisto-
chemical staining revealed that Wntl ap-
peared to be specifically induced in glomeru-
lar podocytes after ADR injection (Figure
1C). To examine the biologic consequence of
Wnt induction in this model, we next inves-
tigated the activation of B-catenin, the canon-
ical pathway of Wnt signaling in the glomer-
uli after ADR treatment. As shown in Figure
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Figure 2. Exogenous Wnt1 aggravates podocytes dysfunction and albuminuria in
vivo. BALB/c mice were administrated with either Wnt1 expression vector (pHA-Wnt1)
or control plasmid (pcDNA3) through a hydrodynamics-based tail vein injection. (A)
Wnt1 gene delivery induces active B-catenin accumulation in the glomeruli. Glomer-
ular lysates from the mice injected with either pcDNA3 or pHA-Wnt1 expression vector
were immunoblotted with antibodies against active B-catenin, total B-catenin, and
glyceraldehyde 3-phosphate dehydrogenase, respectively. (B) Exogenous Wnt1 exac-
erbates albuminuria in mice after ADR injection. *P < 0.05 versus pcDNA3 controls
(n = 6). (C) Representative micrographs showing nephrin staining and ultrastructure of
podocyte foot processes in different groups as indicated. Immunofluorescence stain-
ing shows nephrin protein expression and distribution in different groups. Scale bar =
30 wm. Podocyte foot processes integrity was revealed by EM. Arrowheads indicate

1C, increased cytoplasmic and nuclear
[B-catenin staining was observed in the glo-
meruli, presumably in podocytes, on the basis of the location of
the positive cells, after ADR injection. Similarly, Western blot
analysis showed a dramatic increase in dephosphorylated, active
-catenin in the glomeruli isolated from ADR-treated mice, as
compared with vehicle controls (Figure 1E).

We sought to investigate the regulation and function of Wntl
in the subsequent experiments, because it is the prototype mem-
ber of the Wnt family and its signal is known to be mediated
through [-catenin-dependent canonical pathway.'>!4 Further-
more, the de novo induction of Wntl (Figure 1, A and C) after
ADR may suggest a unique role for it in podocyte injury in this
model. Using cultured mouse podocytes in vitro, we found that
ADR could directly induce Wntl expression. As illustrated in Fig-
ure 1F, Wntl mRNA was rapidly induced as early as 0.5 h after
ADR treatment. Similarly, Wntl protein expression was also in-
duced (Figure 1G). Together, it appears clear that Wnt signaling is
activated in the early stage during podocyte injury induced by
ADR in vivo and in vitro.

A Pivotal Role of Wnt Signaling in Podocyte
Dysfunction and Albuminuria In vivo

To assess the potential role of Wnt/B-catenin activation in
podocyte dysfunction and albuminuria, we intended to ex-
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secondary foot process and SD. Scale bar, 1 um.

press exogenous Wntl in vivo by use of hydrodynamic-based
gene delivery into mice.?8° As shown in Figure 2A, dephos-
phorylated, active B-catenin levels were increased in the iso-
lated glomeruli at 16 h after Wnt1 plasmid injection, indicating
glomerular (-catenin signaling activation. We found that
overexpression of exogenous Wntl in vivo significantly exac-
erbated albuminuria in mice at different time points after ADR
injection (Figure 2B). Urine albumin levels were substantially
elevated in mice that received Wntl plasmid injection, com-
pared with pcDNA3 controls (Figure 2B). Immunofluores-
cence staining for nephrin illustrated that exogenous Wntl
expression did not significantly affect nephrin abundance and
distribution under normal conditions (Figure 2C). Nephrin
protein was reduced, and its distribution was altered from a
linear to granular pattern after ADR injection. In agreement
with albuminuria data (Figure 2B), mice with ectopic expres-
sion of Wntl gene manifested more severe podocyte injury, as
illustrated by less nephrin abundance and a more distorted
distribution, compared with the pcDNA3 controls (Figure
2C). Electron microscopy (EM) also displayed more severe
foot process effacement after ADR administration in mice that
received Wntl plasmid injection, compared with pcDNA3
controls (Figure 2C).

Wnt/B-Catenin in Podocyte Dysfunction 1999
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To ascertain the role of Wnt signaling in the pathogenesis
of albuminuria, we next blocked endogenous Wnt signaling
in mice by using Wnt antagonist. To this end, mice were
injected with recombinant DKK1 protein, a natural inhibi-
tor of the canonical Wnt signaling by the virtue of its ability
to bind to and block the LRP5/6 coreceptor.'> As shown in
Figure 3A, mice were injected intravenously with recombi-
nant mouse DKKI1 protein and ADR in different intervals as
indicated. At day 6 after ADR injection, severe albuminuria
was induced in the vehicle control group. However, albu-
minuria in the DKKI1-treated group was significantly re-
duced (Figure 3B). Podocyte injury as defined by nephrin
reduction was also ameliorated after DKK1 treatment (Fig-
ure 3C). EM studies also revealed an improvement of the
integrity of podocyte foot process and SD after DKK1 ad-
ministration (Figure 3D). We further investigated the pro-
tective role of Wnt antagonist on podocyte after injury in
vitro. As demonstrated in Figure 3E, ADR suppressed neph-
rin mRNA expression in cultured mouse podocytes in a
dose-dependent manner. However, incubation with recom-
binant DKK1 significantly restored nephrin expression
(Figure 3, F and G), providing direct evidence for the in-
volvement of Wnt signaling in podocyte dysfunction and
proteinuria.

Mice with Podocyte-Specific Ablation of B-Catenin Are
Protected against Podocyte Dysfunction and
Albuminuria

We next investigated the role of B-catenin, the principal down-
stream effector of canonical Wnt signaling, in mediating podo-
cyte injury and proteinuria. To this end, we created conditional
knockout mice in which B-catenin gene was selectively dis-
rupted in glomerular podocytes by use of the Cre-LoxP system
(Figure 4A). RT-PCR results demonstrated that -catenin
mRNA level was substantially reduced in the isolated glomeruli
from the mice with podocyte-specific knockout of B-catenin
(designated as podo-B-cat—/—), compared with those from
control littermates (Figure 4, B and C). Similarly, 3-catenin
protein was also remarkably diminished in the isolated glo-
meruli from podo-B-cat—/— mice (Figure 4D), whereas glo-
merular y-catenin abundance was not significantly changed.
Immunohistochemical staining showed that B-catenin was
largely localized in podocytes in the glomeruli of wild-type
mice after ADR injury, but was absent in the glomerular podo-
cytes of podo-B-cat—/— mice (Figure 4E). There was no dif-
ference in body weight, kidney/body weight ratio, and urine
albumin between podo-B-cat—/— mice and their wild-type
littermates up to 12 mo after birth (Figure 4, F through H).
Kidney histology was normal in podo-f-cat—/— mice (Figure
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Figure 3. Blockade of Wnt signaling attenuates podocyte injury and proteinuria. (A) Experimental design showing the strategy of
recombinant DKK1 protein and ADR injections in mice. (B and C) DKK1 reduces (B) ADR-induced albuminuria and (C) podocyte injury
(as defined by nephrin loss and altered distribution) in mice. *P < 0.05 versus vehicle group (n = 8). (D) Representative micrographs
showing podocyte foot processes in different groups as indicated. Arrowheads indicate secondary foot process and SD. Scale bar, 1
um. (E through G) DKK1 restores nephrin expression after ADR treatment in cultured mouse podocytes. (E) ADR suppressed nephrin
expression in a dose-dependent manner in podocytes. (F and G) DKK1 restored nephrin expression after ADR treatment. (F)
Representative RT-PCR result and (G) relative abundances of nephrin mRNA (with value in control group = 1.0) are shown. *P < 0.05
versus controls; TP < 0.05 versus the group without DKK1 treatment (n = 3).
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4, T and J). Podocyte numbers and density
as shown by WT-1 staining were similar in
podo-B-cat—/— mice and their control litter-
mates (Figure 4, K and L). Nephrin, podocin
expression and distribution, and the ultra-
structure of SD were intact in podo-f-
cat—/— mice (data not shown). In short,
[B-catenin appears dispensable for podocyte
development, survival, and function in vivo.
We further investigated the role of 3-cate-
nin in podocyte dysfunction by challenging
podo-B-cat—/— mice with ADR. As shown
in Figure 5A, wild-type control mice devel-
oped severe albuminuria at day 3 after intra-
venous injection of ADR ata dose of 25 mg/kg
body wt. However, under the same condi-
tions, podo-B-cat—/— mice were largely pro-
tected against the development of albumin-
uira (Figure 5A). SDS-PAGE analysis of urine
samples revealed that albumin was the major
constituent of urine proteins in mice after
ADR injury (Figure 5B). Compared with
wild-type controls, much less urine albumin
was detected in podo-f3-cat—/— mice after
ADR injection (Figure 5B). Of note, geneti-
cally modified mice with mixed genetic back-
grounds were relatively resistant to ADR-in-
duced albuminuria, compared with BALB/c
mice. Even using a high-dose protocol (ADR
at 25 mg/kg body wt), the urinary albumin
levels in these mice only reached to 10 to 20%
of that in BALB/c mice produced by a low
dose of ADR (10 mg/kg body wt). Immuno-
fluorescence staining illustrated that nephrin
and podocin levels were reduced and their
distribution was changed from a linear to
granular pattern in control mice after ADR
injury (Figure 5C). However, both nephrin
and podocin levels and their staining pattern
were largely preserved in podo-S-cat—/—
mice under the same conditions (Figure 5, C
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Figure 4. Mice with podocyte-specific deletion of B-catenin are healthy. (A) Geno-
typing of the mice by PCR analysis of genomic DNA. (B and C) RT-PCR analysis shows
the glomerular B-catenin mMRNA abundance in podo-B-cat—/— mice and their control
littermates. WT, wild-type mice; KO, podo-B-cat—/— mice. Numbers (1, 2, and 3)
denote each individual animal in a given group. *P < 0.05 versus WT (n = 3). (D)
Western blot analysis of glomerular B-catenin protein in podo-B-cat—/— mice. Glo-
merular lysates were prepared from WT or KO mice and immunoblotted with antibod-
ies against B-catenin, y-catenin, and nephrin, respectively. (E) Immunohistochemical
staining shows loss of B-catenin in glomerular podocytes. Arrowhead indicates positive
staining for B-catenin in the glomeruli of WT mice at 1 d after ADR injection. No
B-catenin staining was observed in the glomeruli of KO mice at the same conditions.
(F through L) Mice with podocyte-specific ablation of B-catenin are phenotypically
normal. There was little difference in (F) body weight, (G) kidney weight index, and (H)
urinary albumin between KO mice and control littermates at different time points (n =
4 to 6). Kidney histology as shown by (I and J) periodic-acid-Schiff staining and (K and
L) podocyte by WT-1 staining are normal in (J and L) KO mice, compared with (I and
K) control littermates.

and D). We further examined the ultrastructure of podocyte foot
processes and SD by EM. As shown in Figure 5, E through H, foot
process effacement was evident and SD disappeared in most areas
of the glomeruli in wild-type mice after ADR injection, whereas
these ultrastructural lesions were largely prevented in podo-f3-
cat—/— mice (Figure 5H).

Activation of B-Catenin in Podocytes Is Sufficient for
Inducing Albuminuria In vivo

To further explore the role of B-catenin in podocyte dysfunc-
tion, we used an opposite strategy by inducing its activation. As
shown in Figure 6A, treatment of mouse podocytes with lith-
ium chloride (LiCl) caused B-catenin activation and induced
its nuclear translocation in cultured mouse podocytes. 3-cate-

J Am Soc Nephrol 20: 1997-2008, 2009

nin was predominantly localized at cell-cell adhesion sites in
podocytes as shown by an indirect immunofluorescence stain-
ing (Figure 6A); however, it clearly underwent nuclear trans-
location after LiCl treatment (Figure 6C, arrowheads), indicat-
ing its activation.

We next examined the effect of 8-catenin activation by LiCl
on podocyte dysfunction and albuminuria in vivo. As shown in
Figure 6E, BALB/c mice injected with LiCl displayed an in-
creased level of dephosphorylated, active 3-catenin in the iso-
lated glomeruli, compared with those injected with sodium
chloride (NaCl) control. Interestingly, heavy, albeit transient,
albuminuria was detected at 5 h after LiCl injection in mice
(Figure 6F). Consistent with albuminuria, podocyte foot pro-
cess effacement was evident in mouse glomeruli at 5 h after

Wnt/B-Catenin in Podocyte Dysfunction 2001
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Figure 5. Podocyte-specific ablation of B-catenin protects against alouminuria and podocyte injury induced by ADR in mice. (A) Urinary
albumin concentration in WT and KO mice at 3 d after ADR injection. **P < 0.01 versus vehicle control, *P < 0.05 versus WT mice after
ADR injection (n = 4 to 9). (B) Representative SDS-PAGE shows the urine proteins in different groups of mice as indicated. Numbers
(1 and 2) denote each individual animal in a given group. (C and D) Immunofluorescence staining demonstrates the abundance and
distribution pattern of nephrin and podocin in different groups as indicated. (C) Representative micrographs and (D) semiquantitative
determination of podocyte injury (as defined by nephrin loss and altered distribution) are given. *P < 0.05 versus WT group (n = 4 to
9). (E through H) EM shows the alterations of podocyte foot processes after ADR injection in WT and KO mice. (E) WT control, (F) KO
control, (G) WT after ADR, and (H) KO after ADR. (G) Foot process effacement is evident in WT podocytes after ADR. Scale bar, 1 um.

LiClinjection, as revealed by EM studies (Figure 6G). To clarify
the involvement of podocyte B-catenin activation in lithium-
induced albuminuria, we treated podo-B-cat—/— mice and
their control littermates with LiCl. As shown in Figure 6H,
albuminuria was induced in control littermates at 5 h after
injection, whereas the urine albumin level was reduced in
podo-B-cat—/— mice. These data suggest that podocyte-spe-
cific B-catenin activation is primarily responsible for the de-
velopment of albuminuria in mice after LiCl treatment. Of
note, urinary albumin levels in genetically modified mice with
mixed genetic backgrounds (Figure 6H) were lower than that
in BALB/c mice (Figure 6F), indicating the effects of different
genetic backgrounds on the susceptibility of mice in response
to lithium injury.

Wnt/B-Catenin Signaling Is Activated in Human
Proteinuric Kidney Diseases

To investigate the relevance of Wnt/B-catenin activation in
mediating podocyte dysfunction in proteinuric kidney diseases

2002
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other than ADR nephropathy, we studied Wntl expression
and B-catenin activation in the most common forms of pro-
teinuric kidney disorders such as DN and FSGS. As reported
previously,?8 administration of streptozotocin in uninephrec-
tomized CD1 mice induced heavy albuminuria and glomerular
injury in 3 mo, with renal lesions that imitate the early pathol-
ogy in human DN. As shown in Supplementary Figure 1A,
Wntl protein was upregulated in the glomerular cells in this
model, compared with the controls. Likewise, Wnt1 protein
was also induced in the glomerular cells of human kidney bi-
opsies from patients with DN, whereas Wntl was essentially
undetectable by immunohistochemical staining in normal hu-
man kidney glomeruli (Supplementary Figure 1B). Double
staining for Wntl and synaptopodin revealed that the Wnt1-
positive cells in human DN biopsies were podocytes (Figure
7A, arrowheads). Wntl also markedly induced in the glomer-
ular cells of human biopsies from patients with FSGS (Figure
7B). In view of their localization, these Wnt1-positive cells in
human FSGS samples also appeared to be podocytes (Figure

J Am Soc Nephrol 20: 1997-2008, 2009
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Figure 6. Activation of B-catenin signaling induces podocyte dysfunction and albuminuria in vivo. (A through D) Incubation with LiCl
(30 mM) induces B-catenin activation and nuclear translocation in cultured podocytes. (A and B) NaCl control, (C and D) LiCl (30 mM),
(A and C) B-catenin staining, and (B and D) DAPI. Arrowheads indicate nuclear staining of B-catenin after LiCl treatment. (E) Activation
of B-catenin signaling in the glomeruli by LiCl in vivo. Glomerular lysates from the mice injected with either LiCl or control NaCl were
immunoblotted with antibodies against active B-catenin, total B-catenin, and nephrin, respectively. (F) Activation of B-catenin by LiCl
causes heavy, albeit transient, albuminuria in mice. **P < 0.01 versus NaCl control (n = 4 to 10). (G) EM shows podocyte foot process
effacement in mice after LiCl injection. (H) Podocyte-specific ablation of B-catenin protects mice from development of albuminuria after

LiCl injection. *P < 0.05 versus WT controls (n = 7).

7B, arrowheads in the boxed area). Of five human DN and four
FSGS samples, four and three of them displayed an increased
expression of Wntl, respectively. Compared with normal con-
trols, active 3-catenin was also markedly increased in human
proteinuric kidney diseases and predominantly localized in the
nuclei of glomerular podocytes (Figure 7C). The nuclear local-
ization of active (B-catenin in podocytes in human CKD was
further confirmed by triple staining for nephrin, nuclei, and
active B-catenin (Figure 7D, arrowheads). Therefore, Wnt/S-
catenin signaling is activated, and likely implicated, in the
pathogenesis of common forms of human proteinuric kidney
diseases such as DN and FSGS.

Wnt/B-Catenin Signaling Induces Snail and Suppresses
Nephrin Expression In vitro

To provide a mechanistic link of Wnt/B-catenin signaling to
podocyte dysfunction, we investigated its potential downstream
targets that are relevant to podocyte biology. To this end, we first
examined the expression of nephrin, a key SD protein that is es-
sential for maintaining the integrity of podocyte structure and
function. As shown in Figure 8, transient transfection of mouse
podocytes with either HA-tagged Wnt1 expression vector (pHA-
Wntl) or Flag-tagged N-terminal truncated, stabilized 3-catenin
expression vector (pDel-3-cat) was sufficient to suppress nephrin
expression. Interestingly, Wntl and stabilized 3-catenin also in-
duced the expression of Snail (Figure 8, A and C), a key transcrip-
tion factor that is implicated in mediating podocyte epithelial to
mesenchymal transition (EMT) and dysfunction.?® Furthermore,
forced expression of Snail by transfection in cultured podocytes
was sufficient for repressing nephrin expression (Figure 8, D and
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E), suggesting that Snail is an intermediate effector that is respon-
sible for mediating nephrin suppression by Wnt/B-catenin signal-
ing. Therefore, it appears clear that a cascade of pathogenic path-
way exists in which Wnt/3-catenin signaling targets key molecules
that are vital for podocyte function, thereby promoting podocyte
injury and proteinuria (Figure 8F).

DISCUSSION

The results presented in this study demonstrate that Wnt/$3-
catenin signaling is a critical player in the pathogenesis of
podocyte dysfunction and albuminuria. Several lines of evi-
dence support this conclusion. First, Wnt/f-catenin is acti-
vated in the podocytes of mouse and human kidneys with pri-
mary glomerular disorders such as ADR nephropathy, DN,
and FSGS. Second, ectopic expression of Wntl gene in mice
exacerbates podocyte injury and albuminuria, whereas block-
ade of Wnt signaling with its antagonist DKK1 ameliorates
podocyte lesions. Third, mice with podocyte-specific ablation
of B-catenin are protected against the development of albu-
minuria after ADR injury. Finally, activation of (B-catenin is
able to induce albuminuria in a podocyte-specific fashion. To-
gether, these gain- and loss-of-function experiments in whole
animal at Wnt and 3-catenin levels provide clear evidence for a
pivotal role of the hyperactive Wnt/S-catenin signaling in me-
diating podocytopathy. Our findings also underscore that the
Wnt/B-catenin pathway might represent a promising target in
developing new classes of therapeutic modalities for the treat-
ment of a variety of proteinuric kidney diseases in humans.

Wnt/B-Catenin in Podocyte Dysfunction 2003
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Figure 7. Wnt/B-catenin signaling is activated in human proteinuric nephropathies. Human kidney specimens were immunostained
with specific antibodies against Wnt1, synaptopodin, nephrin, and active B-catenin, respectively. (A) Representative micrographs of
double staining for Wnt1 and synaptopodin in human kidney biopsy from patients with DN. Arrowheads indicate colocalization of Wnt1
and synaptopodin. Scale bar, 40 um. (B) Representative micrographs demonstrate Wnt1 induction in the glomerular cells in human
kidney biopsy from the patients with FSGS. Arrowheads within the boxed area indicate Wnt1-positive cells. Scale bar, 40 um. (C)
Representative micrographs show active B-catenin staining in the nuclei of glomerular cells in human kidney biopsy from patients with
DN. Arrowheads (yellow) indicate active B-catenin-positive nuclei. Scale bar, 40 um. (D) Representative micrographs show the nuclear
staining of active B-catenin in podocytes in human kidney biopsy from the patients with DN. Arrowheads indicate the nephrin-positive

podocytes with nuclear staining for active B-catenin. Scale bar, 40 um. CTL, control.

Wnt/B-catenin is an evolutionarily conserved signal path-
way that participates in the regulation of a diverse array of
cellular processes.'®!'> Members of the Wnt family of proteins
are highly expressed and of critical importance for nephron
formation,'”!8 whereas their expression and signaling are
largely silenced in the adult kidney. Wnts are able to transmit
their signal through both canonical, which is mediated by
B-catenin, and noncanonical, 3-catenin-independent, path-
ways.!%14 Jt appears, however, that the signaling elicited by
Wnt in podocytes under pathologic conditions is likely medi-
ated by the canonical pathway. This notion is consistent with
the observations that 3-catenin is activated in podocytes after
Wnt induction. It should be noted that several Wnts are in-
duced simultaneously in the glomeruli after ADR administra-
tion (Figure 1A), and they may potentially work in a coordi-
nated fashion to trigger podocyte dysfunction and proteinuria.
Accordingly, ectopic expression of Wntl alone is not sufficient
to initiate podocyte dysfunction in normal mice but aggravates
podocyte injury induced by ADR (Figure 2). Interestingly,
pharmacologic activation of B-catenin by LiCl is able to induce
albuminuira in vivo. It is worthwhile to point out that lithium
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administration in humans also induces proteinuria, nephrotic
syndrome, and progressive nephropathy,?'-33 and the severity
of renal lesions is closely associated with the duration of lith-
ium administration and cumulative dose.3?

Although exactly how B-catenin activation leads to podo-
cyte dysfunction remains elusive, it could be related to its abil-
ity to induce cell phenotypic changes in podocytes. Wnt/f3-
catenin signaling is known to play a central role in cell fate
determination'"!? and is implicated in the regulation of EMT,
a phenotypic conversion that occurs in embryonic develop-
ment, cancer metastasis, and tissue fibrosis.3+3> We have re-
cently shown that podocytes also undergo EMT in vitro after
TGEF-B1 stimulation and in vivo in DN, leading to loss of their
characteristic features and acquisition of mesenchymal mark-
ers.>® Consistent with this, overexpression of either Wntl or
stabilized B-catenin by transient transfection is sufficient to
suppress nephrin expression in cultured podocytes (Figure 8).
In considering that the efficiency of transient transfection in
podocytes only reaches about 30 to 60% (Supplementary Fig-
ure 2), the magnitude of nephrin suppression in these experi-
ments is quite impressive. Of interest, Wntl overexpression
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Figure 8. Wnt/B-catenin signaling induces Snail expression and suppresses nephrin in podocytes. (A through C) Wnt1 and B-catenin
are sufficient for triggering nephrin suppression and Snail induction in podocytes. Mouse podocytes were transiently transfected with
Wnt1 expression vector (pHA-Wnt1), expression plasmid for the stabilized B-catenin with N-terminal deletion (pDel-B-cat), or empty
vector pcDNA3, respectively, followed by analyzing nephrin and Snail expression. Representative results on (A) nephrin and Snail mRNA
expression and quantitative data on relative (B) nephrin or (C) Snail levels (with value in pcDNA3 control group = 1.0) are presented.
*P < 0.05 versus controls (n = 3). (D and E) Snail is sufficient for suppressing nephrin expression in podocytes. Mouse podocytes were
transiently transfected with pHA-Snail or pcDNA3 plasmids, followed by analyzing nephrin expression. (D) Representative RT-PCR
results and (E) quantitative determination of relative nephrin mRNA levels (with the value in the pcDNA3 control group = 1.0) are
presented. *P < 0.05 versus controls (n = 4). (F) Simplified diagram depicts the molecular pathway by which Wnt/B-catenin signaling

mediates podocyte dysfunction and proteinuria.

and B-catenin activation in podocytes also induces the expres-
sion of Snail, a key transcription factor that is generally re-
garded as a “master gene” to initiate EMT in different circum-
stances.>638 Recent studies show that Snail also directly
represses nephrin expression in podocytes®® and therefore can
function as an mediator that confers B-catenin signaling to
nephrin suppression. It is thus becoming clear that Wnt/S-
catenin activation may cause podocyte dysfunction by inhibit-
ing nephrin expression, promoting cell dedifferentiation, and
phenotypic conversion.

It is important to emphasize that Wnt/3-catenin activation is
not limited to a particular form of proteinuric kidney disease such
as ADR nephropathy, but appears to occur in many common
human CKDs, including DN and FSGS, in which proteinuria and
podocyte dysfunction are the primary features of kidney pathol-
ogy. Recent studies also demonstrate an induction of Wnt2 ex-
pression in a rat model of podocyte injury and proteinuria in-
duced by puromycin aminonucleoside, although the status of
[3-catenin activation was not examined in that study.> Hence, our
data presented here may provide a mechanistic linkage of Wnt/g-
catenin activation, Snail induction, nephrin suppression, podo-
cyte dysfunction, and the onset of proteinuria (Figure 8F) and
could offer important insights into the pathogenesis of many
common forms of proteinuric kidney diseases.

Wnt/-catenin is a unique cell signaling regulator, because the

J Am Soc Nephrol 20: 1997-2008, 2009

key component of this signal pathway, 3-catenin, also functions
as a component of the cadherin complex, which controls cell-cell
adhesion.#® As a structural protein, 3-catenin interacts with P-
cadherin and a-catenin, which links the SD to the actin cytoskel-
eton network in podocytes. However, podocyte-specific knock-
out of the 3-catenin gene appears to have little effect on podocyte
maturation, survival, and function, suggesting that it is function-
ally redundant in podocyte biology. The function of B-catenin as
a structural protein is likely substituted in podo-f3-cat—/— mice
by 7y-catenin, a structurally related protein that also binds to cad-
herin and a-catenin, and by several other proteins that link the SD
to the actin cytoskeleton in podocytes.

In summary, our studies provide a proof of principle that
hyperactive Wnt/(B-catenin signaling is detrimental, resulting
in podocyte dysfunction and proteinuria. Therefore, targeting
this signaling may represent a novel strategy for developing
therapeutic modalities for proteinuric kidney diseases, disor-
ders that devastate the lives of millions of people worldwide.

CONCISE METHODS

Cell Culture and Treatment
The conditionally immortalized mouse podocyte cell line was kindly

provided by Dr. Peter Mundel (Mount Sinai School of Medicine, New
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York, NY), as described previously.3%-4! Cells were cultured at 33°C in
RPMI-1640 medium supplemented with 10% fetal bovine serum and
recombinant IFN-vy (Invitrogen, Carlsbad, CA). To induce differen-
tiation, podocytes were grown under nonpermissive conditions at 37
°C in the absence of IFN-+y. After serum starvation for 16 h, cells were
treated with ADR (Doxorubicin hydrochloride; Sigma, St. Louis,
MO) for various periods of time as indicated. For some experiments,
podocytes were also transiently transfected with either HA-tagged
Wntl expression vector (pHA-Wntl; Upstate biotechnology, Lake
Placid, NY) or Flag-tagged N-terminal truncated, stabilized 3-catenin
expression vector (pDel-B-cat), by using the Lipofectamine 2000 re-
agent (Invitrogen, Carlsbad, CA), as described previously.3® Transfec-
tion efficiency in the podocytes typically arranged from 30 to 60%
according to estimation after transfection with enhanced GFP expres-
sion vector, as shown in Supplementary Figure 2.

Generation of the Podocyte-Specific B-Catenin

Knockout Mice and Genotyping
Homozygous floxed B-catenin mice (C57BL/6] strain) were obtained

from Jackson Laboratories (Bar Harbor, ME). Transgenic mice ex-
pressing Cre recombinase under the control of a 2.5-kb fragment of
the human podocin promoter (2.5P-Cre mice) were reported else-
where.*2 By mating $-catenin floxed mice with podocin-Cre trans-
genic mice, mice that were heterozygous for the 3-catenin floxed al-
lele were generated (genotype: B-cat’™, Cre). These mice were
crossbred to inactivate both B-catenin alleles by Cre-mediated exci-
sion, thereby creating conditional knockout mice in which -catenin
gene was specifically disrupted in glomerular podocytes (genotype:
B-cat™, Cre). The breeding protocol also generated heterozygous
littermates (genotype: B—catﬂ/ *, Cre), as well as wild-type and several
control groups with different genotype (B-cat™’*; B-cat™?; B-cat™ *;
B—cat“ *, Cre; referred to as controls). A routine PCR protocol was
used for genotyping of tail DNA samples with the following primer
pairs: Cre transgene, 5'-AGG-TGT-AGA-GAA-GGC-ACT-TAG-
C-3" and 5'-CTA-ATC-GCC-ATC-TTC-CAG-CAG-G-3', which
generated a 411-bp fragment; and B-catenin genotyping, 5'-AAG-
GTA-GAG-TGA-TGA-AAG-TTG-TT-3" and 5'-CAC-CAT-GTC-
CTC-TGT-CTA-TTC-3', which yielded 324- and 221-bp bands for
the floxed and wild-type alleles, respectively. All animals were born
normally at the expected Mendelian frequency. All control mice dis-
played normal phenotype. The Institutional Animal Care and Use
Committee at the University of Pittsburgh approved animal experi-
ments.

Animal Models of Podocyte Injury and Proteinuria
The mouse model of podocyte injury and proteinuria was established

by intravenous injection of ADR.227 Different genetic backgrounds
and strains of mice displayed significant divergences in response to
ADR injury. All transgenic mice with C57BL/6] or mixed back-
grounds were injected with a high dose of ADR protocol (25 mg/kg
body wt), whereas BALB/c mice received a low dose of the drug (10
mg/kg body wt). Briefly, podo-3-cat—/— mice and their control lit-
termates were injected with ADR at the dosage of 25 mg/kg body wt in
saline solution through tail vein. In some experiments, male BALB/c
mice weighing 20 to 22 g were obtained from Harlan Sprague-Dawley
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(Indianapolis, IN) and injected via the tail vein with ADR at 10 mg/kg
body wt. At different time points after ADR injection, mice were sac-
rificed. Urine, kidney tissue, and glomeruli were collected. For acti-
vating endogenous [3-catenin signaling in vivo, BALB/c mice, as well
as podo-B-cat—/— and their control littermates were intravenously
injected with either LiCl or control NaCl at 16 mmol/kg body wt. At 5,
24, and 48 h after injection, mice were sacrificed, and urine and kidney
samples were collected. For introducing exogenous Wntl in vivo,
BALB/c mice were administrated with Wntl expression vector
(pUSE-Wntl; Upstate Biotechnology, Lake Placid, NY) at 1 mg/kg by
ahydrodynamic-based gene transfer technique via rapid injection of a
large volume of DNA solution through the tail vein, as described
previously.?® For inhibition of Wnt signaling in vivo, BALB/c mice
were injected intravenously with recombinant mouse DKK1 protein
(R&D Systems) at 50 ug/kg body wt, as indicated.

Urinary Albumin and Creatinine Assay
Urine albumin was measured by using a mouse Albumin ELISA quan-

titation kit, according to the manufacturer’s protocol (Bethyl Labo-
ratories, Inc., Montgomery, TX). Serum and urine creatinine was de-
termined by a routine procedure as described previously.4?

Glomerular Isolation
Glomerular isolation was performed according to the method de-

scribed elsewhere.*3-%4 Briefly, mice were anesthetized by intraperito-
neal injection of pentobarbital (50 mg/kg) and perfused with 8 X 107
Dynabeads M-450 (Dynal Biotech ASA, Oslo, Norway) diluted in 5 ml
of PBS by the abdominal artery. After perfusion, kidneys were re-
moved and cut into 1-mm? pieces and digested in collagenase A (1
mg/ml) at 37°C for 30 min with gentle shaking. The tissue was then
pressed gently through a 100-um cell strainer (BD Falcon, Bedford,
MA). Glomeruli containing Dynabeads were then gathered by using a
magnetic particle concentrator. The isolated glomeruli were washed
three times with cold PBS and used for subsequent studies.

RNA Extraction and RT-PCR
Total RNA isolation and RT-PCR for detecting Wntl, nephrin,

[B-catenin, and Snail mRNA expression were carried out by the pro-
cedures described previously.?° Briefly, the first strand of cDNA syn-
thesis was carried out by using a reverse transcription system kit ac-
cording to the instructions of the manufacturer (Promega, Madison,
WI). PCR amplification was performed using HotStar Taq Master
Mix Kit (Qiagen, Valencia, CA). The sequences of the primers for 19
different Wnts, 10 Frizzled receptors, and 3-actin were described pre-
viously.24 The sequences of other primer pairs were as follows: neph-
rin, 5'-CCC-AAC-ACT-GGA-AGA-GGT-GT-3" (sense) and 5'-
CTG-GTC-GTA-GAT-TCC-CCT-TG-3’ (antisense); B-catenin, 5'-
GTC-AGC-TCG-TGT-CCT-GTG-AA-3’ (sense) and 5'-AGT-GGC-
TGA-CAG-CAG-CTT-TT-3" (antisense); and Snail, 5'-AGC-CCA-
ACT-ATA-GCG-AGC-TG-3’ (sense) and 5'-CCA-GGA-GAG-AGT-
CCC-AGA-TG-3' (antisense).

Western Blot Analysis
The isolated glomeruli were pooled and lysed with radioimmunopre-

cipitation assay buffer containing 1% NP40, 0.1% SDS, 100 ug/ml
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phenylmethylsulfonyl fluoride, 1% protease inhibitor cocktail, and
1% phosphatase I and II inhibitor cocktail (Sigma) in PBS on ice. The
supernatants were collected after centrifugation at 13,000 X g at 4°C
for 20 min. Cultured mouse podocytes were lysed in SDS sample
buffer. Protein expression was analyzed by Western blot analysis as
described previously.*?> The primary antibodies used were as follows:
anti-B-catenin (BD Transduction, catalog no.: 610154), anti-dephos-
phorylated, active B-catenin (Upstate, catalog no.: 05-665), anti-y-
catenin (BD Transduction, catalog no.: 610253), anti-glyceraldehyde
3-phosphate dehydrogenase and anti-Wnt1 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), anti-nephrin (Progen, Heidelberg, Germany),
and anti-a-tubulin (Sigma).

Histology and Immunohistochemical Staining
Human kidney specimens were obtained from diagnostic renal biop-

sies performed at the University of Pittsburgh Medical Center. Non-
tumor kidney tissue from the patients who had renal cell carcinoma
and underwent nephrectomy was used as normal controls. The Insti-
tutional Review Board at the University of Pittsburgh approved all
studies involving human tissues. Mouse model of DN was induced by
injection of streptozotocin in the uninephrectomized CD1 mice, as
described previously.?8 Paraffin-embedded mouse and human kidney
sections (3 wm thickness) were prepared by a routine procedure. Sec-
tions were stained with hematoxylin-eosin, periodic-acid-Schiff re-
agent by standard protocol. Immunohistochemical staining for
Wntl, B-catenin, and active 3-catenin were performed using a rou-
tine protocol as described previously.30-43

Immunofluorescence Staining and Confocal

Microscopy
Kidney cryosections were fixed with 3.7% paraformalin for 15 min at

room temperature. After blocking with 10% donkey serum for 30
min, the slides were immunostained with primary antibodies against
nephrin, podocin (Santa Cruz Biotechnology), and B-catenin. Slides
were viewed under a Leica TCS-SL confocal microscope.** For deter-
mination of the podocyte injury as defined by nephrin loss and altered
distribution, a semiquantitative scoring method was used. A score of 0
represents no lesion, whereas 1, 2, 3, and 4 represent the nephrin loss
and altered distribution, involving less than 25%, 25 to 50%, 50 to
75%, and more than 75% of the glomerular tuft area, respectively. At
least five randomly chosen glomeruli were evaluated for each mouse,
and an average composite score was calculated. For some human bi-
opsy samples, a combined immunofluorescence and immunohisto-
chemical double staining was performed according to the protocols
described previously.#> Paraffin-embedded kidney sections were
stained with a different combination of antibodies against Wntl
(Santa Cruz Biotechnology; catalog no.: SC-5630) and synaptopodin
(Research Diagnostics Inc., Flanders, NJ; catalog no.: PRO65194),
and active B-catenin (Upstate; catalog no.: 05-665) and nephrin
(Fitzgerald, Concord, MA; catalog no.: 20R-NP002), respectively.
Cell nuclei were visualized by staining with 4', 6-diamidino-2-phe-
nylindole, HCL

EM

EM of kidney samples was carried out by routine procedures as de-
scribed previously.#> Briefly, mouse kidneys were perfusion-fixed
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with 2.5% glutaraldehyde in PBS by left cardiac ventricular injection
and postfixed in aqueous 1% osmium tetroxide. Specimens were de-
hydrated through an ethanol series, infiltrated in a 1:1 mixture of
propylene oxide-Polybed 812 epoxy resin (Polysciences, Warrington,
PA), and then embedded. Ultrathin sections were stained with 2%
uranyl acetate followed by 1% lead citrate. Sections were observed and
photographed using a JEOL JEM 1210 transmission electron micro-
scope (JEOL, Peabody, MA).

Statistical Analysis
Statistical analyses of the data were performed by using SigmaStat

software (Jandel Scientific, San Rafael, CA). Comparison between
groups was made using one-way ANOVA, followed by the Student’s
Newman—Keuls test. P < 0.05 was considered significant.
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