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Diabetic kidney disease (DKD) is the single most common
cause of albuminuria and end-stage kidney disease in theUnited
States. We found increased expression of Wnt/�-catenin
(Ctnnb1) pathway transcripts and proteins in glomeruli and
podocytes of patients and mouse models of DKD. Mice with
podocyte-specific expression of stabilized Ctnnb1 exhibited
basementmembrane abnormalities, albuminuria, and increased
susceptibility to glomerular injury. Mice with podocyte-specific
deletion of Ctnnb1 or podocyte-specific expression of the
canonicalWnt inhibitor Dickkopf-related protein 1 (Dkk1) also
showed increased susceptibility to DKD. Podocytes with stabi-
lizedCtnnb1were lessmotile and less adhesive to differentmat-
rices. Deletion of Ctnnb1 in cultured podocytes increased the
expression of podocyte differentiation markers and enhanced
cell motility; however, these cells were more susceptible to apo-
ptosis. These results indicate that Wnt/Ctnnb1 signaling in
podocytes plays a critical role in integrating cell adhesion,motil-
ity, cell death, and differentiation. Balanced Ctnnb1 expression
is critical for glomerular filtration barrier maintenance.

Diabetic kidney disease (DKD)2 is one of the most devastat-
ing complications of diabetes and the single most common
cause of albuminuria, chronic kidney disease, and end-stage
renal disease (ESRD) in the Western world (1). DKD causes
filtration unit dysfunction leading to the development of albu-
minuria, which is themost abundant protein component of the

blood. The glomerular filtration barrier consists of three layers
as follows: glomerular endothelial cells, the glomerular base-
ment membrane (GBM), and the glomerular epithelial cell (or
podocyte) layer (2–4). Decreased glomerular podocyte density
is shown to be the strongest predictor for end-stage renal dis-
ease development in patients with diabetes (5). Hyperglycemia
via the generation of reactive oxygen species induces podocyte
apoptosis and loss, which has been well documented in many
different mouse DKD models (6, 7). As podocytes are termi-
nally differentiated cells, they are unable to proliferate; there-
fore, apoptosis or detachment can lead to podocyte deficiency,
which in turn will lead to glomerulosclerosis development (8,
9). Early administration of drugs that prevent podocyte apopto-
sis has been shown to ameliorate DKD in rodent models; how-
ever, this may not be a clinically translatable strategy (6, 10).
Another early lesion in diabetes is the thickening of the base-
ment membrane. The role and mechanism of GBM thickening
are not fully understood. It is speculated that GBM thickening
could cause alterations in integrin expression, which could
interfere with podocyte adhesiveness. Genetic deletion of
podocyte-specific integrins, Itgb1 and Itga3, causes albuminu-
ria and glomerulosclerosis; however, the contribution of podo-
cyte adhesion toDKDdevelopment has not been demonstrated
(11, 12). Understanding the mechanism of podocyte differenti-
ation, adhesion and cell death could be highly relevant for the
development of targets for intervention.

�-Catenin (Ctnnb1) is a multifunctional protein; it plays a
key role in cell adhesion; in addition, it regulatesWnt-mediated
transcription. In the absence of Wnt ligand, �-catenin is tar-
geted for degradation via phosphorylation of its serine (Ser-33/
34/45) and threonine (Thr-41) sites by glycogen synthase
kinase-3� (GSK-3�) (13). Upon ligand binding, inhibition of
GSK-3� stabilizes Ctnnb1, leading to its cytoplasmic accumu-
lation and subsequent nuclear translocation (14). In the
nucleus, Ctnnb1 binds to lymphocyte enhancer factor-1/T cell
factor transcription factors to mediate gene transcription.
Genome-wide association studies indicate a correlation
betweenTCF7L2 (also known asTCF-4) polymorphism and the
development of diabetes, chronic kidney disease, and DKD (15,
16). Recent genome-wide transcript profiling studies by Cohen
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et al. (17) found increased Wnt mRNA levels in the tubuloint-
erstitial compartment of kidney biopsy samples obtained from
patients with DKD. Studies from Dai et al. (18) reported
increased Wnt/Ctnnb1 activity in an acute high dose adriamy-
cin-induced proteinuria model. They proposed that the Wnt/
Ctnnb1 pathway directly causes podocyte damage via inducing
podocyte epithelial-mesenchymal transition and down-regula-
tion of Snail and nephrin. In contrast, Lin et al. (19) suggested
that hyperglycemia and diabetes cause down-regulation of
Wnt4 andWnt5a and decreased Ctnnb1 nuclear translocation
inmurine glomerular mesangial cells. They also proposed that
sustainingWnt/Ctnnb1 signaling is beneficial for promoting
survival of high glucose-stressed cells and protects mice
from DKD (20). These contradictory results highlight the
importance of the use of in vivo cell type-specific transgenic
animals to define the role of the Wnt/Ctnnb1 pathway in the
glomerulus.
Here, we analyzed the role of the Wnt/Ctnnb1 pathway in

podocytes at base line and in DKD. In vitro and in vivo studies
indicated that Wnt/Ctnnb1 pathway plays a key role in deter-
mining podocyte differentiation,motility, cell-matrix adhesion,
and cell death.

EXPERIMENTAL PROCEDURES

Human Kidney Samples—Human kidney samples were col-
lected from kidney biopsies and nephrectomies. The study was
approved by the Institutional Board Review. The biopsy tissue
was manually microdissected at 4 °C in RNALater as described
previously (21).
Microarray Studies—Microarray studies on isolated human

kidney glomeruli were performed as described previously (21).
Affymetrix U133Av2 chips were used to hybridize human sam-
ples. Mouse glomeruli were isolated using the magnetic bead
method (22), and Affymetrix 1.0 ST arrays were used for gene
expression analysis. Data normalization, storage, and statistical
analyses were performed using GeneSpring GX software ver-
sion 10.0 (Agilent Technologies, Palo Alto, CA) with the
gcRMA method (21).
Animals—Genotypes were identified by genomic PCR anal-

ysis using published allele-specific primers (primer list is avail-
able upon request). To generate mice with podocyte-specific
stabilizedCtnnb1 expression,mice inwhich exon3 of Ctnnb1 is
floxed (Ctnnb1FloxE3/FloxE3) (23) were crossed with transgenic
mice expressing Cre recombinase under the control of
the podocin promoter (NPHS2Cre mice) (24). NPHS2Cre/
Ctnnb1FloxE3/WT, NPHS2Cre/Ctnnb1FloxE3/FloxE3, and WT/
Ctnnb1FloxE3/WT or WT/Ctnnb1FloxE3/FloxE3 (control) male lit-
termates were used for the experiments. To generate podocyte-
specific Ctnnb1 knock-out mice (intron1–6 floxed),
Ctnnb1KO/KOmice (25) were crossedwithNPHS2Cremice, and
NPHS2Cre/Ctnnb1KO/KO and WT/Ctnnb1KO/KO (control)
male littermates were used for the experiments. To generate
podocyte-specific inducible Dickkopf-related protein 1 (Dkk1)
mice, we crossed podocyte-specific reverse tTA (rtTA)-ex-
pressingmice (NPHS2rtTA) (26) with themice carrying the tetO
promoter linked to Dkk1 (TRE-Dkk1) transgenic mice (27).
Single transgenic NPHS2rtTA and TRE-Dkk1 littermates were
used as controls. Animals were placed on doxycycline-contain-

ing food starting at 3weeks of age. For the diabetic nephropathy
model, uninephrectomy was performed on 4-week-old male
mice under sterile conditions. Animals were injected with STZ
(50 mg/kg intraperitoneally for five days, low dose protocol) as
detailed on line. Mice were sacrificed at 20 weeks of age. To
reduce heterogeneity, only male mice were used in our experi-
ments. All animal studies were approved by the Animal Care
Committee, Albert Einstein College ofMedicine. Animals were
maintained under specific pathogen-free conditions.
Renal Phenotype Analysis—Urinary albumin and creatinine

were determined usingmouse albumin-specific ELISA and cre-
atinine companion kits (Exocell and Bethyl Laboratories).
Renal histological analysis was performed on formalin-fixed
paraffin-embedded kidney sections stained with periodic acid-
Schiff (PAS). GBM thicknesswas determined by the orthogonal
intercept method as described previously (28, 29). Podocyte
number was estimated on 4-�m paraffin sections stained with
Wt1 (M3561, DAKO).
Immunostaining—Immunofluorescence studies were per-

formed on optimal tissue cutting compound-embedded frozen
kidney sections as described earlier (10). The complete list of pri-
mary and secondary antibodies used for the experiments are listed
in supplemental Table 3. Stainingwas visualized using fluorescent
secondary antibodies or peroxidase-conjugated anti-rabbit or
anti-mouse Vectastain Elite kit and diaminobenzidine (DAB)
(Vector Laboratories). Terminal dUTP labeling (TUNEL) staining
was performed using the TUNEL kit (Chemicon).
Podocyte Cell Culture Experiment—Podocyte cell lines were

established as described previously from Immorto mice (30). To
induce Cre-mediated recombination, podocytes (at 30–50% con-
fluent level) were infected with Cre or control adenovirus (Cell
Biolabs, Inc.) at a multiplicity of infection of 50 in 6-well plates.
Migration Assay—Migration assay was performed as de-

scribed previously (31). In brief, cells were cultured on type I
collagen-coated 6-well plates to become confluent. Cells were
growth-arrested in 0.2% FBS for 12 h and then scratched with a
200-�l pipette tip. Cells were treated with PBS (control), LiCl
(20 mM, Sigma), 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-
dione (TDZD-8) (3 �M, Calbiochem), or (2�Z,3�E)-6-bro-
moindirubin-3�-acetoxime (BIO) (30 nM, Calbiochem). After
24 h,more than 64 imageswere taken from scratched areas, and
the number of migrated cells was counted. Three independent
experiments were performed.
Adhesion Assay—Adhesion assays were performed using the

Vybant cell adhesion assay (Invitrogen) according to the man-
ufacturer’s instructions (31). Four days after Cre or control
adenoviral infection, cells were harvested and incubated with
calcein AM for 30 min. Single cell podocyte suspensions were
plated on collagen type I, IV, or laminin-coated 96-well plates
(1� 105 cells/well). Cells werewashed four timeswith PBS. The
amountofadherentcellswasdeterminedbyabsorbanceof485nm
andemissionof 535nm.LiCl,TDZD-8, thiadiazolidine-3,5-dione,
BIO (concentrations are the same as above), or 50 ng/ml mouse
recombinant Wnt3a (R & D Systems) were used in the adhesion
assays. The assay was normalized to 100% FCS- and 1% BSA-
coated plates. The difference of the 100%FCS and 1%BSAwas set
as 100%, and the data are expressed as percent of this control.
Three independent experiments were performed.
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Western Blot Analysis—Western blotting was performed as
describedpreviously (10).Weused the followingprimary antibod-
ies for theexperiments: totalCtnnb1 (sc-7199SantaCruzBiotech-
nology); active Ctnnb1 (05-665, Millipore); and �-actin (ab8226,
Abcam). For Wt1 detection of urinary cells, spot urine was col-
lected and centrifuged, and the sediment was dissolved in loading
buffer (32).
Quantitative Real Time PCR—Quantitative real time PCR

was performed as described earlier (10). The supplemental
Table 4 contains the primer sequences used in this study.
Statistical Analysis—Results are presented as mean � S.D.

Student t test was used to analyze the difference between two
groups. Values were regarded significant at p � 0.05.

RESULTS

Activation of the Canonical Wnt/Ctnnb1 Signaling in
Patients and Mouse Models of DKD—First we analyzed the
following expression, Wnt pathway-related genes in healthy

and DKD glomeruli. Demographics of the research partici-
pants (supplemental Table 1) indicated similar age and body
mass between control and DKD groups. DKD patients pre-
sented with advanced (stage III–V) chronic kidney disease.
Gene expression arrays were performed using the
Affymetrix U133Av2.0 chips on microdissected human
glomeruli obtained from healthy (control, n � 12) individu-
als and DKD patients (n � 7). Our analysis indicated a sta-
tistically significant increase in mRNA expression ofWNT1,
WNT2B, WNT4, WNT6, WNT16, DKK3, and Lef1 (Fig. 1A)
in human DKD glomeruli. Expression of Wnt/Ctnnb1 target
gene LEF1 was significantly increased in DKD glomeruli,
indicating the transcriptional activation of the pathway. In
human DKD kidney samples, there was an increase in
Ctnnb1 immunostaining in glomeruli as compared with
healthy control kidneys (Fig. 1B). Detailed study to deter-
mine the localization of Ctnnb1 by immunofluorescent co-
stainings for Ctnnb1 and the podocytemarkerWt1 indicated

FIGURE 1. Increased podocyte Wnt/Ctnnb1 signaling in patients and mice with diabetic kidney disease. A, relative mRNA levels in control (CTL) and
DKD. The y axis is the logarithmic scale of fold change values as compared with the average of control groups, and the data represent means � S.D. *,
p � 0.05. B, immunostainings for total Ctnnb1 of human healthy (CTL) and DKD glomeruli. Scale bar, 40 �m. C and D, immunofluorescent co-stainings
of active Ctnnb1 (green) and podocyte marker Wt1 (red) in control and DKD of human kidney samples with DAPI (blue) nuclear counterstaining. E, gene
expression changes in isolated glomeruli of control (CTL) and STZ-treated diabetic kidneys (DKD, black bars). The y axis is the fold change values as
compared with the average of control groups, and the data represent means � S.D. *, p � 0.05. F, immunostaining for total Ctnnb1 in control and
diabetic mouse kidney samples. Scale bar, 20 �m.
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increased Ctnnb1 expression in podocytes (Fig. 1, C
and D).
We also detected a statistically significant increase in mRNA

levels for Wnt1, Wnt2b, Wnt4, Wnt5a, Wnt10a, Wnt16, Dkk1,
Tcf7, and Tcf7l2 (Fig. 1E) in glomeruli of 20-week-old STZ-
treated diabetic mice when compared with controls. Likewise,
immunostaining experiments showed increased expression of
Ctnnb1 in diabetic mouse glomeruli (Fig. 1F). These results
indicate increased Wnt/Ctnnb1 signaling in glomeruli and
increased nuclear Ctnnb1 expression in podocyte in patients
and mouse models of DKD.
Podocyte-specific Expression of Stabilized Ctnnb1 in Vivo

Leads to GBMThickening, Albuminuria, and Glomerulosclero-
sis Features of DKD—To determine whether the Wnt/Ctnnb1
pathway plays a functional role in vivo in podocytes, we
expressed stabilized Ctnnb1 by intercrossing Podocin-Cre
(NPHS2Cre) mice (24) with mice in which the third exon of
Ctnnb1 is flanked by LoxP sites (Ctnnb1FloxE3) (23). Exon3 of
Ctnnb1 contains serine/threonine residues that are key targets
of phosphorylation. By deleting the phosphorylation site,
Ctnnb1 is rendered into a stabilized and dominant active form.
The strategy to generate heterozygous, homozygous, and con-
trol mice is described in supplemental Fig. 6. We confirmed
increased expression of Ctnnb1 specifically in podocytes of
NPHS2Cre/Ctnnb1FloxE3/WT mice (Fig. 2A). Immunoblot anal-
ysis of isolated glomeruli confirmed the expression of the
mutant (exon3 deleted) lower molecular weight band of
�exon3 Ctnnb1 (Fig. 2B).
Renal histology examined by PAS staining showedmildmes-

angial expansion in 20-week-old NPHS2Cre/Ctnnb1FloxE3/WT

mice (Fig. 2C). Transmission electron microscopy studies of
NPHS2Cre/Ctnnb1FloxE3/WT mice showed diffuse global thick-
ening of theGBM(Fig. 2D). GBMabnormalitieswere evident as
early as 4 weeks of age and became progressively severe by 20
weeks (Fig. 2D). Podocyte foot processes appeared normal with
occasional effacement, which was prominent in areas of severe
GBM change. Age-matched NPHS2Cre or Ctnnb1FloxE3/WT lit-
termates (used as controls in this study) showed no GBM
changes. NPHS2Cre/Ctnnb1FloxE3/WT mice developed signifi-
cant albuminuria beginning at around 10 weeks of age (Fig. 2E).
In summary, mice with podocyte-specific expression of stabi-
lized Ctnnb1 showed early GBM alterations followed by later
development of albuminuria, a phenotype akin to that of early
DKD in patients.
Next, we examined the effect of diabetes in the NPHS2Cre/

Ctnnb1FloxE3/WT mice. We induced type 1 diabetes in unine-
phrectomized male mice with a low dose STZ injection (at 5
weeks of age) (33). Albuminuria was highly increased in dia-
betic NPHS2Cre/Ctnnb1FloxE3/WT mice compared with control
mice (Fig. 2F). In addition, NPHS2Cre/Ctnnb1FloxE3/WT dia-
betic mice developed significant glomerulosclerosis (Fig. 2G),
which was not evident in control mice nor in nondiabetic
NPHS2Cre/Ctnnb1FloxE3/WT animals. These results suggest the
higher susceptibility to diabetic injury in the NPHS2Cre/
Ctnnb1FloxE3/WT mice.
Mice homozygous for the stabilized Ctnnb1 (NPHS2Cre/

Ctnnb1FloxE3/FloxE3) allele showed severe albuminuria and glo-
merulosclerosis already at 8 weeks of age (Fig. 2,H and I). Elec-

tron microscopy analysis of the NPHS2Cre/Ctnnb1FloxE3/FloxE3
mice was consistent with severe GBM thickening (Fig. 2J). Our
results indicate that enhanced Ctnnb1 activity in podocytes
causes a change inGBMmorphology and increases susceptibil-
ity to diabetic kidney injury.
Unraveling Ctnnb1-induced GBM Changes—To understand

Ctnnb1-induced GBM changes, first we performed detailed
morphometric quantification of the GBM width. GBM width
was almost double in 8-week-old NPHS2Cre/Ctnnb1FloxE3/WT

mice compared with controls (120.0� 15.6 versus 225.2� 42.1
nm) (Fig. 3A). The difference in GBM thickness remained sig-
nificant at 20 weeks of age (169.3� 17.7 versus 325.6� 4.7 nm)
(Fig. 3B), but the degree of difference (about 2-fold) did not
increase when compared with control mice, despite the fact
that the animals developed albuminuria during this period. The
GBM width of 8-week-old male NPHS2Cre/Ctnnb1FloxE3/WT

mice (with mild albuminuria) and 8-week-old NPHS2Cre/
Ctnnb1FloxE3/FloxE3 mice (with severe albuminuria and glomer-
ulosclerosis) showed no statistical difference (225.2 � 42.1 ver-
sus 276.1 � 26.3 nm) (Fig. 3C).

Disruption of the ability of GBM to act as a charge barrier is
considered one of the causes of albuminuria (34). Therefore, we
used electron microscopic analysis to examine GBM anionic
charge sites labeled by the cationic probe polyethyleneimine
(supplemental Fig. S1A). Quantification of polyethyleneimine
aggregate density in the GBM did not a show significant differ-
ence in subepithelial and subendothelial anionic sites as com-
pared with control mice (supplemental Fig. S1B). These exper-
iments failed to show a correlation betweenGBM thickening or
change selectivity and albuminuria and glomerulosclerosis in
mice with podocyte-specific stabilized Ctnnb1 expression.
Quantitative real time-PCR (QRT-PCR)-based transcript

studies of isolated glomeruli indicated an increase in Col4a2
and Col4a5 expressions in 8-week-old NPHS2Cre/
Ctnnb1FloxE3/WT mice (Fig. 3D). At 20 weeks of age, we
observed increased transcript levels of Col4a1,6 in addition to
the Col4a2,5 isoforms (Fig. 3E). Similarly, in 8-week-old
homozygous NPHS2Cre/Ctnnb1FloxE3/FloxE3 mice, Col4a1, -2,
and -6 isoforms were increased (Fig. 3F). Immunofluorescence
studies confirmed the increased Col4a2 and Lamb1 expression
in NPHS2Cre/Ctnnb1FloxE3/WT mice (Fig. 3, G and H). Col4a2
and Lamb1weremainly expressed in themesangial area in con-
trol animals. In NPHS2Cre/Ctnnb1FloxE3/WT mice, in addition
to the mesangial expression of Col4a2 and Lamb1, there was
also more prominent staining in the capillary loops. Similar
results were noted in the NPHS2Cre/Ctnnb1FloxE3/FloxE3 mice
(supplemental Fig. S2). These results suggest that the GBM of
NPHS2Cre/Ctnnb1FloxE3/WT mice constitutes overproduction
of collagens mostly observed in mesangial and parietal base-
ment membrane (Col4a1, -2, -5, and -6), which is similar to
what is observed in patients with DKD (34, 35).
Next, we analyzed the expression levels of matrix metallo-

proteinases, which affect the turnover and breakdown of extra-
cellular matrix and glomerulus. In 8-week-old NPHS2Cre/
Ctnnb1FloxE3/WT mice, transcript levels of Mmp7 and Mmp16
were significantly decreased, whereas Mmp2 expression was
increased already at 8 weeks of age (Fig. 3I). At 20 weeks of age,
there was a significant increase inMmp14 andMmp23 expres-
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sion (Fig. 3J). These most likely indicate an alteration in GBM
remodeling in NPHS2Cre/Ctnnb1FloxE3/WT mice. In summary,
we found no clear linear correlation between basement mem-
brane width and negative charge barrier selectivity and albumi-
nuria development in NPHS2Cre/Ctnnb1FloxE3/WT mice. We
detected alterations in GBM turnover and overall composition
shifting from Col4a3 and -4 to Col4a1, -2, -5, and -6.
Ctnnb1 Activation Induces Podocyte Detachment and Loss—

To further understand the mechanism of albuminuria and glo-
merulosclerosis inNPHS2Cre/Ctnnb1FloxE3/FloxE3mice, we per-

formed transcriptome analysis using mouse 1.0 ST Affymetrix
gene expression arrays (36). Glomeruli were isolated from
20-week-old control and NPHS2Cre/Ctnnb1FloxE3/WT mice
(n � 3) as well as 8-week-old control and NPHS2Cre/
Ctnnb1FloxE3/FloxE3mice (n� 3). Analysis of variance identified
2095 probeswith statistically significant differential expression;
the complete list of differentially expressed probes can be found
in supplemental Table 2.
Gene expression analysis indicated a significant decrease in

mRNA levels of podocyte-specific genes Nphs2, Wt1, Synpo,

FIGURE 2. Podocyte-specific stabilized Ctnnb1 expression induces GBM alterations and albuminuria and enhances the susceptibility for diabetic
injury. A, total Ctnnb1 immunostaining in 8-week-old control (CTL) and NPHS2Cre/Ctnnb1FloxE3/WT mice. B, Ctnnb1 and �-actin (Actb) Western blots of isolated
glomeruli from control and NPHS2Cre/Ctnnb1FloxE3/WT mice. Note the lower molecular weight delta-exon3 Ctnnb1 band of NPHS2Cre/Ctnnb1FloxE3/WT mice.
C, PAS staining; D, TEM image of kidney sections from control and NPHS2Cre/Ctnnb1FloxE3/WT mice. Arrow and arrowhead indicate the mild mesangial expansion
(C) and thickening of GBM (D), respectively. E, albumin-to-creatinine ratios (�g/mg) of spot urine samples of control (CTL; blue bars) and NPHS2Cre/
Ctnnb1FloxE3/WT mice (n � 10 mice per group). F, albumin-to-creatinine ratios of spot urine samples of control (CTL), control diabetic (CTL�DM), NPHS2Cre/
Ctnnb1FloxE3/WT, and diabetic NPHS2Cre/Ctnnb1FloxE3/WT mice (n � 7 mice per group). G, PAS staining of 20-week-old control (CTL), control diabetic (CTL�DM),
NPHS2Cre/Ctnnb1FloxE3/WT, and diabetic NPHS2Cre/Ctnnb1FloxE3/WT mice. Diabetic NPHS2Cre/Ctnnb1FloxE3/WT mice showed mild glomerulosclerosis. H, PAS-
stained 8-week-old control (CTL) and homozygous NPHS2Cre/Ctnnb1FloxE3/FloxE3 mice (right). Scale bar, 20 �m. I, albumin-to-creatinine ratio of 8-week-
old control (CTL, left) and NPHS2Cre/Ctnnb1FloxE3/FloxE3 mice (right) (n � 7 per group). J, TEM images of control and NPHS2Cre/Ctnnb1FloxE3/FloxE3 mice.
Scale bar, 2 �m.
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Glepp1 (Ptpro), and Pdxl (Fig. 3K) in heterozygous NPHS2Cre/
Ctnnb1FloxE3/WT mice, and it was more severe in homozygous
NPHS2Cre/Ctnnb1FloxE3/FloxE3 animals. Immunofluorescence
studies confirmed the decreased expression of Nphs1 in mice
with podocyte-specific Ctnnb1 expression (Fig. 3L). Wt1-posi-
tive podocyte cell number (per glomerular cross-section)
was significantly decreased in 20-week-old NPHS2Cre/
Ctnnb1FloxE3/WTmice and to an even greater degree in 8-week-
old NPHS2Cre/Ctnnb1FloxE3/FloexE3 mice, indicating podocyte

loss in these animals (Fig. 3N). Upon studying the potential
cause of podocyte depletion, we did not detect significant dif-
ferences in the number of TUNEL-positive cells (Fig. 3O) or in
the expression of apoptosis-associated transcripts (Tp53, p21,
Apaf, and Bax) in NPHS2Cre/Ctnnb1FloxE3/WT mice (supple-
mental Table S2), nor did we observe any change in the number
of Ki67-positive podocytes, a marker for proliferation. When
we analyzed urinary Wt1 levels as a marker for urinary podo-
cyte loss and podocyte detachment, we found a significant

FIGURE 3. Glomerular basement membrane and podocyte alterations in mice with podocyte-specific stabilized Ctnnb1 expression. A–C, quantification
of the basement membrane thickness of 8-week-old (A) and 20-week-old male (B) control (CTL) and NPHS2Cre/Ctnnb1FloxE3/WT mice and 8-week-old NPHS2Cre/
Ctnnb1FloxE3/FloxE3 mice (C). D–F, I, and J, gene expression analysis of isolated glomeruli of 8-week-old (D and I) and 20-week-old control and NPHS2Cre/
Ctnnb1FloxE3/WT mice (E and J), and 8-week-old control and NPHS2Cre/Ctnnb1FloxE3/FloxE3 mice (F). Data are expressed as mean fold change � S.D. *, p � 0.05.
G and H, Col4a2 and Lamb1 immunostainings of 20-week-old control and NPHS2Cre/Ctnnb1FloxE3/WT mice. K, heat map showing the relative expression levels
of podocyte marker genes in control (CTL), 20-week-old heterozygous NPHS2Cre/Ctnnb1FloxE3/WT, and 8-week-old homozygous NPHS2Cre/Ctnnb1FloxE3/FloxE3

mice. Red indicates increase of mRNA levels, and green indicates decrease in the mRNA levels. Each row represents the expression of one probe, and each
column represents isolated glomeruli from a single animal. L, Nphs1 immunostaining of control, NPHS2Cre/Ctnnb1FloxE3/WT, and NPHS2Cre/Ctnnb1FloxE3/FloxE3

mice. M, Western blot analysis for Wt1 of urine lysates of wild type and NPHS2Cre/Ctnnb1FloxE3/WT mice. N, Wt1-positive cells per glomeruli in 20-week-old
control (CTL), NPHS2Cre/Ctnnb1FloxE3/WT mice, 8-week-old control (CTL), and NPHS2Cre/Ctnnb1FloxE3/FloxE3 mice. O, number of TUNEL-positive cells per 100
glomerular cross-sections (n � 9 per group).

FIGURE 4. Wnt/Ctnnb1 pathway in podocytes regulates adhesion and migration. A, Western blot for Ctnnb1 of Immorto/Ctnnb1FloxE3/FloxE3 podocyte
clones (labeled as E3/E3) 4 days after control or Cre adenoviral infection. B, total Ctnnb1 (red) immunocytochemistry of Ctnnb1FloxE3/FloxE3 podocytes infected
with control (left) or Cre adenovirus (right). DAPI (blue), nuclear counterstaining. C–E, H, and I, QRT-PCR and Western blot (F) analysis of Immorto/Ctnnb1FloxE3/FloxE3

clones (E3/E3) infected with control or Cre adenovirus. QRT-PCR data are expressed as mean fold change � S.D. Paired t test was used for QRT-PCR, *, p � 0.05.
G, podocyte adhesion to type IV collagen using the Vybant adhesion assay of two independent Ctnnb1FloxE3/FloxE3 podocytes clones. The percentage adhesion
was calculated relative to that of control adenovirus. *, p � 0.05.
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increase in urinary Wt1 levels in 6- and 7-week-old heterozy-
gous and homozygous mice. The increase in urinary Wt1 level
preceded the development of albuminuria (Fig. 3M).

Gene expression analysis also indicated a decrease of glomer-
ular Itgb1 mRNA levels, which was evident in NPHS2Cre/
Ctnnb1FloxE3/WT mice and even more pronounced in
NPHS2Cre/Ctnnb1FloxE3/FloxE3 mice (Fig. 3K). In wild typemice,
active Itgb1 was localized to mesangial cells and podocytes,
whereas Itga3 expressionwasmostly restricted to podocytes (sup-
plemental Fig. S3A). InNPHS2Cre/Ctnnb1FloxE3/FloxE3mice, there
was a decrease in Itgb1 expression in podocytes, and therefore,
there was less of an overlap between Itga3 and Itgb1 expression.
Integrin-linked kinase (Ilk) expression was mainly restricted to
podocytes in control animals, and its expression was signifi-
cantly decreased in NPHS2Cre/Ctnnb1FloxE3/FloxE3 mice (sup-
plemental Fig. S3B). These results suggest that decreased integ-
rin and Ilk expression might be responsible for urinary
podocyte loss, which preceded albuminuria development and
glomerular podocyte loss.
Wnt/Ctnnb1 Activation in Vitro in Podocytes Leads to

Decreased Adhesion—To examine the downstream targets of
Ctnnb1 in podocytes, we generated podocyte cell lines with
stabilized Ctnnb1 using Immorto/Ctnnb1FloxE3/FloxE3 mice (30,
37). Podocyte clones (n � 7) were established by serial dilution
and selected based on their expression of podocyte-specific
markers (Nphs1,Nphs2, Synpo, andWt1). Consistentwith prior
reports, cells expressed only low levels (mRNA) ofNphs1 upon
differentiation (Nphs2 and Wt1 expression was high). To
induce Cre-mediated recombination, podocytes were infected
with Cre or control adenoviruses. Western blot analysis for

Ctnnb1 showed the presence of a truncated �Exon3-Ctnnb1
expression following Cre infection (Fig. 4A). Immunocyto-
chemistry showed nuclear accumulation of Ctnnb1 in
Immorto/Ctnnb1FloxE3/FloxE3 podocytes (Fig. 4B). Further-
more, following Cre infection, a significant increase in classic
Ctnnb1 target gene expression, including Axin2, Tcf7, and
Cd44, was observed, indicating transcriptional activation of
Ctnnb1 (Fig. 4C). Expression of podocyte differentiation genes
(Nphs1, Nphs2, Synpo, and Wt1) were not significantly altered
following Cre infection (Fig. 4D) nor transcript levels of apo-
ptosis-related genes (Cdkn1a, Tp53, Bax, and Apaf1) (Fig. 4E).
Protein expression of cleaved poly(ADP-ribose) polymerase
and Cdkn1a was slightly lower in cells after Ctnnb1 activation
(Fig. 4F).
Two independent clones of Ctnnb1FloxE3/FloxE3 podocytes

showed significantly lower adhesiveness to type IV collagen
compared with the same clone with control adenoviral infec-
tion (Fig. 4G). Gene expression studies of podocyte clones with
Ctnnb1 activation showed lower expression of Col4a3 and
Col4a4 (podocyte-specific collagen) and Mmp16 and Mmp23
(Fig. 4,H and I). In addition, we observed a significant decrease
in Itgb1 expression following Cre recombination (Fig. 4F).
Total Ilk or Fak levels did not change significantly (Fig. 4F),
although phospho-FakTyr-397 was lower following Cre recom-
bination. These results suggest that active Ctnnb1 expression
was associated with decreased adhesiveness in podocytes,
which could be due to the decrease in Itgb1 expression and focal
adhesion kinase (FAK) phosphorylation (38).
We also examined whether canonical Wnt ligand treatment

leads to a similar phenotype. Recombinant Wnt3a treatment

FIGURE 5. Pharmacological activation of Ctnnb1 decreased cell adhesion and migration. A, Western blot analysis of total and active Ctnnb1 of cultured
podocytes incubated with 40 ng/ml recombinant murine Wnt3a. Lower graphs show the results of quantification analysis of the expression normalized against
�-actin. B, podocyte immunostaining of total Ctnnb1 with control PBS (Wnt3a�) and Wnt3a stimulation for 24 h. DAPI (blue), nuclear counterstaining.
C, podocyte adhesion to type I and type IV collagen and laminin after the treatment with PBS, 20 mM lithium, 3 �M TDZD, 30 nM BIO, and 40 ng/ml Wnt3a.
D, migration assay of podocytes following PBS, lithium, TDZD, or BIO treatment for 24 h. Representative pictures are shown. E, number of cells migrated were
quantified, and the results are shown as the mean � S.D. of three independent experiments. *, p � 0.05.
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increased active Ctnnb1 levels, without significantly affecting
total Ctnnb1 levels (Fig. 5A). Immunofluorescence studies
showed nuclear accumulation of Ctnnb1 following Wnt3a
treatment (Fig. 5B). These results indicate that cultured podo-
cytes respond toWnt signaling. Podocytes treated withWnt3a
or different GSK3� inhibitors, LiCl, BIO, and TDZD-8, were
less adhesive to type I and type IV collagens and laminin (Fig.
5C). Treatment with GSK3� inhibitors also significantly low-
ered cell motility compared with control PBS (Fig. 5, D and E).
These results suggest thatWnt/Ctnnb1 activation in podocytes
is associated with decreased adhesiveness and migration.
Podocyte-specific Ctnnb1 Knock-out Mice and Mice with

Podocyte-specific Dkk1Overexpression ShowMinorGBMAlter-
ations and Increased Susceptibility to Diabetic Kidney Injury—
To further understand the role of Ctnnb1, we generated mice
with podocyte-specific Ctnnb1 deletion by crossing NPHS2Cre
mice with Ctnnb1KO/KOmice. Total and active Ctnnb1 expres-
sion was reduced in glomerular lysates of NPHS2Cre/

Ctnnb1KO/KO mice (Fig. 6A). Kidney histology of the
NPHS2Cre/Ctnnb1KO/KO mice appeared normal (Fig. 6B), and
mice did not show signs of albuminuria even at 20 weeks of age
(Fig. 6D). Electron microscopic analysis indicated minor GBM
alterations, evident mainly as occasional GBM splitting (Fig.
6C). Quantitative analysis of GBM width, however, did not
reveal statistically significant differences in overall GBM thick-
ness (Fig. 6E).
As we observed increased activation of the Wnt/Ctnnb1

pathway in DKD glomeruli, we wanted to determine the role of
the Wnt/Ctnnb1 pathway in DKD. Diabetes was induced by
low dose STZ injection in uninephrectomized male mice at 5
weeks of age. Control and podocyte-specific Ctnnb1 knock-out
mice showed similar body weight and degree of hyperglycemia
at 20 weeks of age (Fig. 6F), when they were sacrificed. Control
diabetic mice had only aminimal increase in albuminuria com-
pared with nondiabetic mice (Fig. 6D). However, diabetic
NPHS2Cre/Ctnnb1KO/KOmice at 20 weeks of age exhibited sig-

FIGURE 6. Podocyte-specific Ctnnb1 knock-out mice show increased susceptibility to diabetic kidney injury. A, total and active Ctnnb1 and Actb Western
blot analysis of isolated glomeruli of control (CTL) and NPHS2Cre/Ctnnb1KO/KO mice. B, PAS-stained or TEM (C) kidney sections of 20-week-old male control and
NPHS2Cre/Ctnnb1KO/KO mice. PAS scale bar, 20 �m. TEM scale bar, 2 �m. Arrowheads indicate the splittings of GBM (C). D, urinary albumin-to-creatinine ratios
of 20-week-old male control (blue bar), NPHS2Cre/Ctnnb1KO/KO, diabetic control, and diabetic NPHS2Cre/Ctnnb1KO/KO mice. *, p � 0.05. E, quantification of
basement membrane thickness of 20-week-old male control and NPHS2Cre/Ctnnb1KO/KO mice. F, body weight and blood glucose levels of control, control
diabetic, NPHS2Cre/Ctnnb1KO/KO, and diabetic NPHS2Cre/Ctnnb1KO/KO mice. G, PAS-stained kidney sections of 20-week-old male control diabetic and diabetic
NPHS2Cre/Ctnnb1KO/KO mice. H, Wt1 positive cell number/glomerulus of 20-week-old male control (blue bar), NPHS2Cre/Ctnnb1KO/KO (red), diabetic control
(green), and diabetic NPHS2Cre/Ctnnb1KO/KO (black) mice. *, p � 0.05.
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nificantly increased albuminuria and mesangial expansion
compared with control diabetic mice (Fig. 6,D andG). In addi-
tion, significantly greater podocyte loss was detected in
NPHS2Cre/Ctnnb1KO/KO diabetic mice when compared with
control diabeticmice (Fig. 6H), and therewas a greater decrease
in nephrin and podocin staining. These studies indicate
increased susceptibility to podocyte loss and DKD in
NPHS2Cre/Ctnnb1KO/KO diabetic animals.
To differentiate between the two key roles of Ctnnb1 (cell

adhesion andWnt signaling) and to avoid the potential impact
of Ctnnb1 on kidney development, we generated mice with
podocyte-specific inducible Dickkopf-related protein 1 (Dkk1)
transgenic mice (NPHS2rtTA/TRE-Dkk1) (26). Dkk1 is a
secreted Wnt antagonist, capable of blocking Wnt binding to
LRP5/6 co-receptors, thus inhibiting canonical Wnt/Ctnnb1
signaling (39). We induced Dkk1 expression by feeding mice
with doxycycline-containing food starting at 3 weeks of age.
Active Ctnnb1 protein expression was reduced in glomerular
lysates of NPHS2rtTA/TRE-Dkk1 mice, although total Ctnnb1
levels were not changed (Fig. 7A). These results suggest the
presence of base line Wnt-dependent signaling in the glomer-
ulus/podocytes. At base line, NPHS2rtTA/TRE-Dkk1 mice
showed neither apparent light microscopic abnormalities nor
albuminuria (Fig. 7, B and D). Transmission EM analysis
showed occasional GBM splitting, similar to that observed in
NPHS2Cre/Ctnnb1KO/KO mice (Fig. 7C).
Next, we studied the effect of diabetes in uninephrectomized

malemice following lowdose STZ injection. At 20weeks of age,
diabetic NPHS2rtTA/TRE-Dkk1mice had significantly increased
albuminuria and glomerulosclerosis compared with control
diabetic mice (Fig. 7, D and E). These changes were similar to
those observed in NPHS2Cre/Ctnnb1KO/KOmice. These results
suggest that inhibiting podocyteWnt signaling in the context of
diabetes is deleterious.

Ctnnb1 Deletion from Podocytes Promotes Cell Differentia-
tion and Adhesion but Increases Apoptosis Susceptibility—We
generatedmultiple podocyte cloneswithCtnnb1 deletion using
the Immorto/Ctnnb1KO/KO mice. The successful deletion of
Ctnnb1 was confirmed by QRT-PCR (QRT-PCR data is not
shown), Ctnnb1 Western blots, and by immunofluorescence
studies (Fig. 8, A and B). Podocytes with Ctnnb1 deletion
showed decreased expression of the Ctnnb1 target gene Axin2,
indicating a potential base-line transcriptional activity of
Ctnnb1 in cultured podocytes (Fig. 8C). Ctnnb1 deletion did
not induce significant changes in collagen and slightly
increasedMmp2 expression (Fig. 8,D and E). Podocytes clones
showed a mild but statistically significant increased expression
of differentiated podocyte markers, including Wt1 and Nphs2
after Ctnnb1 silencing (Fig. 8F). Consistent with these findings,
mRNA levels of podocyte-specific genes, includingWt1,Nphs1,
Plce1, Pdxl, and Synpo, were slightly but significantly increased
in podocyte-specific Ctnnb1 knock-out animals as compared
with control mice (supplemental Table 2).
Ctnnb1KO/KO podocytes showed increased adhesiveness to

type IV collagen (Fig. 8G). In addition, there was a minor but
consistent increase in phospho-Fak levels following Cre infec-
tion, although total Ilk and total Fak levelswere unchanged (Fig.
8H).
Further analysis indicated that cells with Ctnnb1 deletion

had increased mRNA levels of Cdkn1a, Tp53, and Apaf1 (Fig.
8I). Protein expression ofCdkn1a and phosphorylated p53were
significantly increased following Ctnnb1 deletion (Fig. 8H).
Moreover, the increase in cleaved poly(ADP-ribose) polymer-
ase levels following Ctnnb1 deletion confirmed the increased
apoptotic rate (Fig. 8H). In summary, podocyte-specific Ctnnb1
deletion in vitro was associated with increased expression of
differentiation markers of podocyte (Wt1 and Nphs2) and

FIGURE 7. Podocyte-specific Dkk1 transgenic mice recapitulate the phenotypes of Ctnnb1 knock-out mice. A, Western blot analysis of total and active
Ctnnb1 and Actb of isolated glomeruli of 20-week-old control (CTL; WT/TREDkk1) and NPHS2rtTA/TREDkk1 lysates. Mice were fed with doxycycline-containing
food for 17 weeks from 3 weeks of age. B, PAS-stained kidney sections and TEM analysis (C) of 20-week-old male control and NPHS2rtTA/TREDkk1 mice fed with
doxycycline-containing food for 17 weeks. Scale bar, 20 �m (B) and 2 �m (C). Arrowheads indicate the splittings of GBM (C). D, albumin-to-creatinine ratios of
20-week-old male control (blue), NPHS2rtTA/TREDkk1 (red), diabetic control (green), and diabetic NPHS2rtTA/TREDkk1 mice (black) (n � 9 –17 per group). *, p �
0.05. E, PAS-stained kidney sections of control diabetic (CTL�DM) and diabetic NPHS2rtTA/TREDkk1 mice fed with doxycycline-containing food for 17 weeks.
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increased adhesiveness; however, these cells appeared to be
more susceptible to apoptosis.

DISCUSSION

Here, we investigated the physiological and pathological role
of the Wnt/Ctnnb1 pathway specifically in podocytes. Our

experiments were prompted by genome-wide association stud-
ies showing an association between TCF7L2 polymorphism (a
key transcription factor in theWnt/Ctnnb1 signaling pathway)
and diabetes and DKD development (15). Here, we show the
activation of Wnt/Ctnnb1 signaling in human and rodent dia-
betic models. Our previous genome-wide transcript analysis

FIGURE 8. Loss of Ctnnb1 in cultured podocytes increased adhesiveness, differentiation markers, and susceptibility to apoptosis. A, Western blot for
Ctnnb1 of Immorto/Ctnnb1KO/KO podocyte clones (labeled as KO/KO) 4 days after control or Cre adenoviral infection. B, total Ctnnb1 (red) immunocytochem-
istry of Ctnnb1KO/KO podocytes infected with control (left) or Cre adenovirus (right). DAPI (blue), nuclear counterstaining. C–F and I, QRT-PCR and Western blot
(F) analysis of Immorto/Ctnnb1KO/KO clones (KO/KO) infected with control or Cre adenovirus. QRT-PCR data are expressed as mean fold change � S.D. Paired t
test was used for QRT-PCR, *, p � 0.05. G, cell adhesion to type IV collagen using the Vybant adhesion assay of two independent Ctnnb1KO/KO podocytes clones.
The percentage adhesion was calculated relative to that of control adenovirus. H, Western blot analysis of Immorto/Ctnnb1KO/KO clones infected with control
or Cre adenovirus *, p � 0.05.
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study identified five key pathwayswith differential regulation in
glomeruli isolated from patients with advanced DKD. They
were Wnt/Ctnnb1, integrin, RhoA, macropinocytosis, and
complement pathways (17). These results indicate a strong
potential consensus on the activation of the Wnt/Ctnnb1 sig-
naling in diabetic podocytes and glomeruli.
We and others have identified hyperglycemia-induced podo-

cyte apoptosis as an early lesion in diabetic glomeruli (40). In
some organs, the activation of the Wnt/Ctnnb1 pathway is
observed following apoptosis or injury, and it could contribute
to organ regeneration. TheWnt/Ctnnb1 pathway is regarded as
a strong pro-survival signal; therefore, Wnt pathway activation
might represent a survival signal in DKD podocytes. Interest-
ingly, after the initial wave of apoptosis, podocyte apoptosis rate
is much lower (almost absent) in diabetic animal models, indi-
cating that cells either become resistant to apoptosis or activate
survival signals.
We found that mice with podocyte-specific expression of

stabilized Ctnnb1 (NPHS2Cre/Ctnnb1FloxE3/WT) presented
with basement membrane thickening and albuminuria, a phe-
notype similar to early human DKD. These results could indi-
cate that increased activity of Wnt/Ctnnb1 might play a causal
role in DKD development. Detailed analyses of these mice and
cultured podocytes indicated that the Wnt/Ctnnb1 pathway
activation might present with some minor survival benefits, as
there was a minor decrease in cleaved poly(ADP-ribose) poly-
merase levels in cultured knock-out cells (40). However, the
effect of Ctnnb1 activation on loss of differentiation markers
and cell adhesiveness was much greater. Similar to other cell
types, theWnt/Ctnnb1 pathway in podocytes appears to inter-
act with integrin and focal adhesion kinase signaling pathways
(41). The overall effect ofWnt/Ctnnb1 activation was podocyte
detachment and the development of albuminuria. This pheno-
type (GBM thickening followed by albuminuria) was similar to
the podocyte-specific Ilk,Ddr1, Itgb1, and Itga3 knock-out ani-
mals (11, 12, 28), indicating that these genes most likely lie on
the same pathway.
Mice with podocyte-specific Ctnnb1 deletion and podocyte-

specific expression of Wnt inhibitor Dkk1 (Ctnnb1 KO and
Dkk1 transgenic mice) showed similar base-line phenotype,
minor GBM abnormalities, evident as occasional splitting of
the GBM. Moreover, we observed decreased expression of the
Ctnnb1 target gene Axin2 after Ctnnb1 deletion or inhibition.
These results indicate that low level Wnt/Ctnnb1 signaling
might still be active in podocytes. Furthermore, cultured podo-
cytes with Ctnnb1 deletion showed increased expression of
podocyte differentiation markers Wt1 and Nphs2 in vitro and
Wt1, Nphs1, Pdxl, and Synpo in vivo. These results indicate that
decreasing podocyte Wnt/Ctnnb1 might be necessary for full
podocyte differentiation.We have very little knowledge regard-
ing how to enhance podocyte differentiation; therefore, these
results might open new avenues for further investigations.
Despite that loss of Ctnnb1 enhanced podocyte adhesiveness

and differentiation, the absence of Ctnnb1 in podocytes
enhanced susceptibility to DKD. Moreover, we also show that
this is related to inhibition of canonical Wnt signaling, as mice
with podocyte-specific expression of Dkk1 phenocopied the
NPHScre/Ctnnb1KO/KO mice. Interestingly, the phenotype of

diabeticNPHSrtTA/TREDkk1 animals wasmore severe than dia-
betic NPHScre/Ctnnb1KO/KO mice. This observation could be
consistent with the issue that Ctnnb1 deletion would only
inhibit autonomous Wnt signaling, although Dkk1 expression
could also inhibit Wnt signaling in neighboring cells. Ctnnb1
loss in vitro enhanced podocyte susceptibility to apoptosis,
which was most likely responsible for the enhanced DKD sus-
ceptibility of these animals. This is in line with previous reports
that Tp53 expressionwas necessary for terminal differentiation
of the renal epithelium; however, Tp53 is also a key regulator of
apoptosis. The finding that podocyte-specific Ctnnb1 knock-
out mice are more susceptible to injury is different from prior
publications showing that these mice were less susceptible to
adriamycin nephropathy (18, 42). These fundamental differ-
ences might be related to the type and length of injury induced
by diabetes (15 weeks) versus the acute model caused by high
dose adriamycin injection (4 days). Upon analysis of the short
term and non-nephrotic range albuminuria (induced by LPS
injection), podocyte-specific Ctnnb1 knock-out mice exhibited
a similar degree of albuminuria (or even less) to control mice
(supplemental Fig. S4). Other key differences are related to the
mechanism of Ctnnb1-induced changes in podocytes. Previ-
ously, it has been proposed that Ctnnb1 would down-regulate
nephrin expression via the transcription factor Snail. Our in
vivo and in vitro studies did not show Ctnnb1-induced regula-
tion of Snail (supplemental Fig. S5). Moreover, the slow time
course of albuminuria development in the NPHS2Cre/
Ctnnb1FloxE3 would not be consistent with this model.

FIGURE 9. Summary. Our results indicate that the Wnt/Ctnnb1 pathway plays
a key role in podocyte adhesion, motility, differentiation, and survival.
Increased activation of the pathway in DKD might occur to promote podo-
cyte survival, but it also leads to cell detachment and podocyte loss. Down-
regulation of the Wnt/Ctnnb1 pathway in podocytes might be important for
terminal differentiation; however, it enhances apoptosis susceptibility.
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In summary, our results indicate that theWnt/Ctnnb1 path-
way plays a key role in podocyte adhesion, motility, differenti-
ation, and survival. Increased activation of the pathway in DKD
might occur to promote podocyte survival, but it also leads to
cell detachment and podocyte loss. Down-regulation of the
Wnt/Ctnnb1 pathway in podocytesmight be important for ter-
minal differentiation; however, it enhances apoptosis suscepti-
bility (Fig. 9). These studies illustrate the relationship between
cell differentiation, adhesion, and cell death and demonstrate
why podocytes are so prone to injury. Recognizing the role of
Wnt/Ctnnb1 can help us to understand DKD development.
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40. Szabó, C., Biser, A., Benko, R., Böttinger, E., and Suszták, K. (2006)Diabe-

tes 55, 3004–3012
41. Ashton, G. H., Morton, J. P., Myant, K., Phesse, T. J., Ridgway, R. A.,

Marsh, V.,Wilkins, J. A., Athineos, D., Muncan, V., Kemp, R., Neufeld, K.,
Clevers, H., Brunton, V.,Winton,D. J.,Wang, X., Sears, R. C., Clarke, A. R.,
Frame, M. C., and Sansom, O. J. (2010) Dev. Cell 19, 259–269
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