
BASIC RESEARCH www.jasn.org

Glomerulosclerosis Induced by Deficiency of
Membrane-Associated Guanylate Kinase Inverted 2 in
Kidney Podocytes

Naritoshi Shirata,*† Kan-ichiro Ihara,‡ Kanae Yamamoto-Nonaka,*§ Takuto Seki,*§

Shin-ichi Makino,*| Juan Alejandro Oliva Trejo,* Takafumi Miyake,*| Hiroyuki Yamada,*|

Kirk Nicholas Campbell,¶ Takahiko Nakagawa,* Kiyoshi Mori,* Motoko Yanagita,*|

Peter Mundel,** Katsuhiko Nishimori,‡ and Katsuhiko Asanuma*§|

*The Laboratory for Kidney Research (TMK project), Medical Innovation Center, Graduate School of Medicine, Kyoto
University, Kyoto, Japan; †Sohyaku, Innovative Research Division, Mitsubishi Tanabe Pharmaceutical Corporation, Toda,
Japan; ‡The Laboratory of Molecular Biology, Department of Molecular and Cell Biology, Graduate School of
Agricultural Science, Tohoku University, Sendai, Japan; §Division of Nephrology, Department of Internal Medicine,
Faculty of Medicine, Juntendo University, Tokyo, Japan; |Department of Nephrology, Graduate School of Medicine,
Kyoto University, Kyoto, Japan; ¶Division of Nephrology, Icahn School of Medicine at Mount Sinai, New York, New York;
and **Department of Medicine, Harvard Medical School, Massachusetts General Hospital, Boston, Massachusetts

ABSTRACT
Membrane-associated guanylate kinase inverted 2 (MAGI-2) is a component of the slit diaphragm (SD) of
glomerular podocytes. Here, we investigated the podocyte-specific function of MAGI-2 using newly gen-
erated podocyte-specific MAGI-2–knockout (MAGI-2–KO) mice. Compared with podocytes from wild-
type mice, podocytes fromMAGI-2–KOmice exhibited SD disruption, morphologic abnormalities of foot
processes, and podocyte apoptosis leading to podocyte loss. These pathologic changes manifested as
massive albuminuria by 8 weeks of age and glomerulosclerosis and significantly higher plasma creatinine
levels at 12 weeks of age; all MAGI-2–KO mice died by 20 weeks of age. Loss of MAGI-2 in podocytes
associated with decreased expression and nuclear translocation of dendrin, which is also a component of
the SD complex.Dendrin translocates from the SD to the nucleus of injured podocytes, promoting apoptosis.
Our coimmunoprecipitation and in vitro reconstitution studies showed that dendrin is phosphorylated by
Fyn and dephosphorylated by PTP1B, and that Fyn-induced phosphorylation prevents Nedd4–2–mediated
ubiquitination of dendrin. Under physiologic conditions in vivo, phosphorylated dendrin localized at the SDs;
in the absence ofMAGI-2, dephosphorylated dendrin accumulated in the nucleus. Furthermore, induction of
experimental GN in rats led to the downregulation of MAGI-2 expression and the nuclear accumulation of
dendrin in podocytes. In summary,MAGI-2 and Fyn protect dendrin fromNedd4–2–mediated ubiquitination
and from nuclear translocation, thereby maintaining the physiologic homeostasis of podocytes, and the lack
of MAGI-2 in podocytes results in FSGS.

J Am Soc Nephrol 28: 2654–2669, 2017. doi: https://doi.org/10.1681/ASN.2016121356

Kidney podocytes surround the apical aspect of
the glomerular basementmembrane and form the
final barrier to plasma proteins, which explains
why podocyte injury is typically associated with
proteinuria.1,2 In particular, the slit diaphragms
(SDs), which ordinarily are observed as gaps between
foot processes, play a crucial role in the filtering sys-
tem. Despite remarkable advances in elucidating the
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details of the molecular architecture of podocytes and the SDs,
the mechanisms underlying podocyte injury and loss are still
poorly understood.

Membrane-associated guanylate kinase
inverted 2 (MAGI-2) is a multidomain scaf-
folding protein containing six PDZdomains,
two WW domains, and a guanylate kinase
(GK) domain. MAGI-2 was originally iden-
tified in the spine and in the podocytes.3,4We
previously reported that MAGI-2 whole-
knockout (KO) mice exhibit a complete dis-
appearance of SDs and die within 24 hours
after birth because of anuria.5 Other groups
have also recently reported the creation of
MAGI-2 whole-KO mice.6,7 MAGI-2 has
been identified as a novel target gene of
Wilms Tumor 1 (WT-1).7,8 Podocyte-
specific WT-1 KO mice also suffered from
anuria leading to neonatal death, which is a
phenotype similar to our MAGI-2 whole-
KO mice.8 These reports suggested that
MAGI-2 has a crucial role in SD homeostasis
during the neonatal period. However, the
podocyte-specific functions of MAGI-2 in
adult mice remain unknown. To resolve
this problem, we generated podocyte-
specific MAGI-2 KOmice and performed
phenotypic analyses in adulthood.

Dendrin was also originally identified in
the brain as a dendritic protein, the expres-
sion of which is differentially modulated by
prolonged behavioral activity.9 Dendrin is
seen as a component of the SD complex
that translocates to the nucleus of injured
podocytes in glomerular disease mouse
models.10 Dendrin nuclear translocation
promotes podocyte apoptosis, which leads
to cell death.10 Dendrin nuclear transloca-
tion has also been detected in human glo-
merular diseases that can cause podocyte loss
and glomerulosclerosis.11–13 Furthermore,
we reported that the number of dendrin-
positive nuclei in glomeruli might be a pre-
dictive factor in the disease progression of
human chronic GN, IgA nephropathy.11 It
was reported that genetic ablation of den-
drin prolongs the life span by delaying the
progression of kidney disease in mice.14

However, it remains unclear how the local-
ization and expression of dendrin is con-
trolled in podocytes under physiologic and
pathologic conditions.

Here, we show that MAGI-2 plays an
important role in sequestering dendrin in
the SD areas under physiologic conditions

and that the lack ofMAGI-2 results in FSGS.We also show that
podocytes from crescentic GN exhibit MAGI-2 downregula-
tion and dendrin nuclear translocation.

Figure 1. MAGI-2pdKO mice exhibit overt albuminuria and increased plasma creati-
nine levels. (A) The glomerular RNA from the control and MAGI-2pdKO mice was an-
alyzed by real-time PCR. Expression of MAGI-2 was significantly decreased in the
glomeruli of MAGI-2pdKO mice at 4 weeks of age. (B) Expression of MAGI-2 com-
pletely disappeared in MAGI-2pdKO mouse glomeruli analyzed by IF studies at 8 weeks
of age. (C) At 12 weeks, MAGI-2pdKO mice exhibited atrophic kidneys. (D) Results from
a 6-month follow-up of MAGI-2pdKO mice to establish the survival of the data. Kaplan–
Meier survival curves showed that MAGI-2pdKO mice (n=16) had a significantly lower
survival ratio than control mice (n=9) (P,0.001 by log-rank test). (E) Results from
MAGI-2pdKO mice for urinary albumin-to-creatinine ratios. MAGI-2pdKO mice de-
veloped significantly higher levels of albuminuria compared with control mice from
8 weeks onward. (F) Blood chemistry analyses on mice at 12 weeks of age showed that
MAGI-2pdKO mice had significantly higher plasma creatinine levels than control mice.
Values are represented as the means6SEM (n=3–5). *P,0.05, **P,0.01, ***P,0.001
by paired t test.
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Figure 2. MAGI-2pdKO mice exhibit glomerulosclerosis and an abnormal morphology of podocytes. (A) Pathologic analysis was per-
formed by periodic acid–Schiff staining. Mesangial matrix expansion (at 4 weeks), segmental glomerulosclerosis (at 8 weeks), and
global glomerulosclerosis (at 12 weeks) were observed in MAGI-2pdKO mice. (B) The glomerulosclerosis index was significantly in-
creased in MAGI-2pdKO mice from 8 weeks onward. (C) Scanning electron micrographs of podocyte foot processes in control and
MAGI-2pdKO mice. MAGI-2pdKO mice exhibited foot process regression at 4 weeks of age and foot process planarization at 8 weeks of
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RESULTS

Podocyte-Specific Deletion of MAGI-2 Leads to Renal
Dysfunction
To elucidate the role of MAGI-2 in adult mice, we generated
podocyte-specificMAGI-2 KO (MAGI-2pdKO)mice (Supplemen-
tal Figure 1, A and B). The efficient depletion of MAGI-2 was
confirmed via real-time PCR analysis of glomeruli (Figure 1A)
and immunofluorescence (IF) studies (Figure 1B). MAGI-2pdKO

mice were born in Mendelian ratios and appeared normal at
birth, but the kidneys of MAGI-2pdKO mice at 12 weeks of age
showed a pale appearance (Figure 1C). Themedian survival of
MAGI-2pdKO mice was 90 days and all mice died by 20 weeks
of age (Figure 1D).

The levels of albuminuria in MAGI-2pdKO mice were sig-
nificantly higher than that in control mice from 8 weeks on-
ward (urinary albumin-to-creatinine ratios of control versus
MAGI-2pdKO at 4 weeks: 0.0160.01 versus 5.5663.26; at 8
weeks: 0.0260.01 versus 18.1864.14, P,0.05; at 12 weeks:
0.0260.00 versus 95.49610.96, P,0.001; Figure 1E).
MAGI-2pdKO mice exhibited significantly higher plasma creati-
nine levels comparedwith controlmice at 12weeks of age (plasma
creatinine concentration of control versus MAGI-2pdKO at
4 weeks: 0.4560.03 versus 0.3960.02; at 8 weeks: 0.4460.05
versus 0.4560.03; at 12 weeks: 0.3560.03 versus 1.3860.21,
P,0.01; Figure 1F). These results indicate that MAGI-2pdKO

mice died because of renal failure.

MAGI-2pdKO Mice Exhibit Glomerulosclerosis and an
Abnormal Morphology of Podocytes
We performed periodic acid–Schiff staining in kidneys from
MAGI-2pdKO mice and detected mesangial matrix expansion
at 4 weeks, segmental glomerulosclerosis at 8 weeks, and
global glomerulosclerosis at 12 weeks of age (Figure 2A).
The glomerulosclerosis index in MAGI-2pdKO mice was sig-
nificantly increased from 8 weeks onward (sclerotic glomeruli
per total glomeruli of control versus MAGI-2pdKO at 4 weeks:
0.0060.00 versus 0.8060.46; at 8 weeks: 0.0060.00 versus
9.7362.81, P,0.05; at 12 weeks: 0.0060.00 versus 87.886
7.96, P,0.001; Figure 2B). MAGI-2pdKO mice demonstrated
interstitial fibrosis from 8 weeks onward (data not shown).
These results indicate that MAGI-2pdKO mice exhibited
FSGS-like glomerulopathy.

To examine themechanisms of renal dysfunction inMAGI-
2pdKO mice, we performed morphologic analysis of the
podocyte ultrastructure via scanning electron microscopy.
Control mice showed normal foot process morphology featur-
ing an interdigitating network, whereas MAGI-2pdKO mice
exhibited a disorganization of interdigitation, a definite foot

process regression at 4 weeks, and foot process planarization at
8 weeks of age (Figure 2C). Analysis of glomerular ultrastruc-
ture via transmission electronmicroscopy showed that the SDs
between foot processes had disappeared in MAGI-2pdKO mice
at 4 and 8 weeks of age (Figure 2D). These results indicate that
MAGI-2 plays a crucial role in maintaining the structure of
SDs.

MAGI-2 Deficiency–Induced Podocyte Apoptosis
Leading to Loss of Podocytes from the Glomerular
Basement Membrane
Injured podocytes undergo apoptosis leading to podocyte
loss, resulting in glomerulosclerosis.15 To investigate
whether podocyte loss occurred in MAGI-2pdKO mice, we
counted the number of podocytes as well as WT-1 and DAPI
double-positive cells in 50 nonsclerotic glomeruli. Podocyte loss
was detected inMAGI-2pdKOmice, compared with control mice
(WT-1–positive cell numbers in control versusMAGI-2pdKO at 4
weeks: 14.2760.68 versus 10.0161.02, P,0.05; at 8 weeks:
14.1660.20 versus 7.3461.52, P,0.05, each 50 glomeruli in
n=3–4; Figure 3, A and B).

Next, we performed an IF study of cleaved caspase-3 to
detect apoptotic cells. The number of cleaved caspase-3–
positive glomeruli was significantly higher in MAGI-2pdKO

mice than in control mice (counted cleaved caspase-3–positive
glomeruli/total glomeruli of control versus MAGI-2pdKO at
4 weeks: 0.6060.30 versus 5.4661.08%, P,0.05; at 8 weeks:
2.1060.79 versus 15.3961.94, P,0.01, each .50 glomer-
uli in n=3–4; Figure 3, C and D). The number of terminal
deoxynucleotidyl transferase–mediated digoxigenin-deoxyuridine
nick-end labeling (TUNEL)–positive cells in the glomeruli
was significantly higher in MAGI-2pdKO mice at 8 weeks of
age, compared with that in age-matched control mice (coun-
ted TUNEL-positive dots/total glomeruli of control versus
MAGI-2pdKO at 4 weeks: 0.2360.23 versus 1.1760.56%; at
8 weeks: 0.0060.00 versus 10.1661.18, P,0.001, each.50 glo-
meruli in n=3–4; Figure 3, E and F). These results indicate that
podocyte apoptosis was caused by the absence of MAGI-2.

MAGI-2’s WW Domains Bind to Dendrin’s PPXY Motifs
to Prevent Dendrin Translocation to the Nucleus
Wepreviously reported that nuclear-translocated dendrin pro-
motes podocyte apoptosis.10,12,16 IF studies showed that den-
drin exhibited a cytosolic pattern and a nuclear pattern that
merged with WT-1 in MAGI-2pdKO mice (Figure 4A). In con-
trast, dendrin exhibited a characteristic capillary pattern in
control mice, in agreement with its SD localization.10

Dendrin interacts with MAGI-2 in the brain.17 To test
whether dendrin interacts with MAGI-2 in glomeruli, we

age. (D) Microstructure of SDs of control and MAGI-2pdKO mice by transmission electron microscopy. (Upper panels) MAGI-2pdKO mice
exhibited foot process effacement at 4 and 8 weeks of age. (Lower panels) SDs disappeared in MAGI-2pdKO mice at 4 and 8 weeks of age.
Values are represented as the means6SEM (n=3–4). *P,0.05, ***P,0.001 by paired t test.
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performed a GST pull-down study. GST–MAGI-2, but not
GST alone, specifically interacted with endogenous dendrin
(Figure 4B). Next, to examine whether the dendrin–MAGI-2
interaction occurs endogenously in glomeruli, we performed
an endogenous coimmunoprecipitation (Co-IP) assay by using
anti-dendrin antibody. Anti-dendrin precipitated dendrin and
coprecipitated MAGI-2 (Figure 4C). To explore the direct
binding of dendrin to MAGI-2, we performed in vitro recon-
stitution studies with purified FLAG-dendrin andMyc–MAGI-
2. Myc–MAGI-2 bound directly with FLAG-dendrin, but not
with the FLAG-control (Figure 4D).

To further map the sites of the dendrin–MAGI-2 interaction,
we performed Co-IP studies in HEK293 cells cotransfected with

truncated mutants of FLAG–MAGI-2 and GFP-dendrin. In
contrast to FLAG–MAGI-2, FLAG–MAGI-2DWWdid not in-
teract with GFP-dendrin (Figure 4, E and F). GFP-dendrin,
GFP-dendrinDPPXY1, and GFP-dendrinDPPXY2+3 copreci-
pitated with FLAG–MAGI-2 (Figure 4, G and H). In contrast,
GFP-dendrinDPPXY1+2+3 did not interact with FLAG–
MAGI-2 (Figure 4, G and H). These results indicate that the
WW domains of MAGI-2s bound with the PPXY motifs of
dendrins.

It was reported that CD2AP deficiency induced dendrin
downregulation and promoted its nuclear translocation.18

We performed cotransfection studies in COS-7 cells to inves-
tigate whether MAGI-2 or CD2AP is necessary for inhibiting

Figure 3. Podocyte apoptosis increased in MAGI-2pdKO mice. (A) Mean podocyte numbers per glomerulus in control and MAGI-2pdKO

mice at 4 weeks of age are shown for both DAPI-positive and WT-1–positive cells. (B) A significant decrease in the number of podocytes
was detected in MAGI-2pdKO mice at 4 and 8 weeks of age. (C) The localization of cleaved caspase-3 (arrowhead) in control and MAGI-2pdKO

mice at 4 weeks of age was investigated by immunostaining. (D) The rate of cleaved caspase-3–positive glomeruli per total glomeruli was
significantly increased in MAGI-2pdKO mice at 4 and 8 weeks of age. (E) The TUNEL-positive dots were detected in MAGI-2pdKO mouse
glomeruli. (F) The rate of TUNEL-positive dots per total glomeruli was significantly increased in MAGI-2pdKO mice at 8 weeks of age. Values are
represented as means6SEM (n=3–4). *P,0.05, **P,0.01, ***P,0.001 by paired t test.
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dendrin nuclear translocation. COS-7 cells express CD2AP
endogenously, but not MAGI-2 or dendrin (Supplemental
Figure 2). MAGI-2 suppressed dendrin nuclear translocation
in MAGI-2 and dendrin cotransfected cells (nuclear dendrin-
positive cells of GFP-dendrin and FLAG-control transfectant
versus GFP-dendrin and FLAG–MAGI-2 transfectant:
100.060.00% versus 52.066.44%, P,0.05, assessed with
20 cells, n=3–5; Figure 4, I and J). Neither CD2AP nor
MAGI-2DWW suppressed the nuclear translocation of
dendrin (Figure 4, I and J). These results suggest that

MAGI-2 is necessary for inhibiting dendrin nuclear trans-
location in vitro.

Fyn and Nedd4-2 Are Putative Interacting Proteins of
Dendrin
To elucidate the nuclear translocation mechanism of dendrin
in MAGI-2pdKO mice, we tried to identify additional interact-
ing proteins of dendrin. We screened a human kidney cDNA
library using a yeast two-hybrid system, in which full-length
dendrin and NLS1-deleted dendrin were fused to the DNA

Figure 4. MAGI-2’s WW domains bind to dendrin’s PPXY motifs to prevent dendrin translocation to the nucleus. (A) Expression of
dendrin and WT-1 by IF examination at 4 and 8 weeks of age. Dendrin was localized at the SDs in control mice but was trans-
located into nuclei in MAGI-2pdKO mice. (B) Dendrin from glomerular extracts (input) specifically interacted with GST–MAGI-2 but
not with GST alone. (C) Endogenous MAGI-2 interacted with dendrin from isolated glomeruli. (D) Purified FLAG-dendrin but not
FLAG-control bound directly to purified Myc–MAGI-2. (E) Schema of MAGI-2 and MAGI-2DWW. (F) GFP-dendrin coprecipitated
with FLAG–MAGI-2 but not with FLAG–MAGI-2DWW. (G) Schema of dendrin full length, dendrinDPPXY1, dendrinDPPXY2+3, and
dendrinDPPXY1+2+3. (H) GFP-dendrinDPPXY1+2+3 (lacking all three PPXY motifs) did not interact with FLAG–MAGI-2. (I) Nu-
clear translocation of GFP-dendrin was inhibited by FLAG–MAGI-2 but not by FLAG–MAGI-2DWW or FLAG-CD2AP. (J) Quan-
titative analysis of nuclear import of GFP-dendrin in transfected COS-7 cells. Values are represented as means6SEM (n=3–5).
**P,0.01 by paired t test.
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binding domain of the GAL4 protein according to previously
published protocols.19 We identified cDNA clones encoding
for the Src family kinase Fyn and HECT–type E3 ubiquitin
ligase Nedd4–2 as putative interacting proteins of dendrin.

Fyn Phosphorylates and Binds to Dendrin
First, we performed Co-IP studies in HEK293 cells cotransfec-
ted with GFP-dendrin and a form of FLAG-Fyn (kinase-active
[YF] or kinase-dead [KN]) to investigate whether Fyn phos-
phorylates and binds to dendrin.20 FLAG–Fyn YF phosphory-
lates and interacts with GFP-dendrin, whereas FLAG–Fyn
KN induced no phosphorylation of dendrin and was less
bound to the dendrin (Figure 5A). We then used Src kinase
inhibitors (PP2 and SU6656) to analyze whether the Fyn-
dendrin interaction is dependent on Fyn-mediated phos-
phorylation of dendrin. Both Src kinase inhibitors abrogated
the Fyn-dendrin interaction and inhibited the phosphoryla-
tion of dendrin (Figure 5B). A previous study reported that
c-Abl, a tyrosine kinase, phosphorylated the tyrosine residue
of the PPXY motif of c-Jun.21 Therefore, we hypothesized
that Fyn phosphorylates the tyrosine residue of dendrin
PPXY motifs. To confirm this hypothesis, we examined the
phosphorylation of PPXY motifs–deleted dendrin con-
structs that had been previously developed (Figure 4G).16

The deletion of dendrin PPXY motifs abolished the Fyn-
dendrin interaction and inhibited the phosphorylation of
dendrin (Figure 5C). To examine whether Fyn binds to dendrin
directly, we performed in vitro reconstitution studies with

purified FLAG-dendrin and Myc–Fyn YF. Myc–Fyn YF bound
directly to FLAG-dendrin but not to the FLAG-control (Figure
5D). Furthermore, an endogenous Co-IP assay showed that en-
dogenous Fyn interacted with dendrin in glomeruli (Figure 5E).
These results indicate that Fyn phosphorylates the tyrosine res-
idue of dendrin PPXY motifs, and that the phosphorylation is
necessary for Fyn-dendrin direct interaction.

Nedd4–2 Interacts with Dendrin’s PPXY Motifs,
Resulting in Dendrin Ubiquitination
We previously reported decreased expression of dendrin in
podocytes in glomerular diseases, suggesting that dendrin is
degraded by an unknown mechanism.11,12 The ubiquitin-
proteasome system plays an important role in cellular
homeostasis. We hypothesized that dendrin is bound to,
and ubiquitinated by, Nedd4–2. First, in vitro reconstitution
studies with purified FLAG-dendrin and Myc–Nedd4–2
showed that Myc–Nedd4–2 bound directly to FLAG-dendrin
but not to the FLAG-control (Figure 6A). Further Co-IP stud-
ies showed that Myc–Nedd4–2 interacted with GFP-dendrin
and this interaction was abrogated by deletion of dendrin’s
PPXYmotifs (Figure 6B). These results indicate that dendrin’s
PPXY motifs are necessary for binding to Nedd4–2. Next, we
tested whether dendrin was ubiquitinated by Nedd4–2. Ubiq-
uitination of dendrin was induced by Nedd4–2 (WT), but not
by a catalytically inactive form of Nedd4–2 (Nedd4–2 [CA])
(Figure 6C).22 DendrinDPPXY1+2+3, which did not interact
with Nedd4–2, was not ubiquitinated by Nedd4–2 (WT)

25 µm

Figure 5. Fyn binds to and phosphorylates dendrin. (A–C) HEK293 cells were transfected with the indicated plasmids and cell lysates
were analyzed by Co-IP and western blotting. (A) GFP-dendrin coprecipitated mainly with FLAG–Fyn YF and was phosphorylated by it.
(B) Phosphorylation and binding to FLAG–Fyn YF of GFP-dendrin was abolished by Src kinase inhibitors PP2 and SU6656. Cells were
pretreated with 10 mM PP2 or 5 mM SU6656 for 60 minutes before Co-IP experiments. (C) The Fyn-mediated phosphorylation was
decreased in GFP-dendrin deletion constructs lacking PPXY motifs. (D) Purified FLAG-dendrin but not FLAG-control bound directly to
purified Myc–Fyn YF. (E) Endogenous Fyn interacted with dendrin from isolated glomeruli.
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(Figure 6C). These results indicate that Nedd4–2 interacts
with dendrin’s PPXY motifs, resulting in poly-ubiquitination
of dendrin.

Fyn Prevents Dendrin from Ubiquitination-Mediated
Degradation by Nedd4–2
Next, we hypothesized that the phosphorylation of dendrin
regulates the Nedd4–2–dendrin interaction. We tested
Nedd4–2–mediated ubiquitination of dendrin in the pres-
ence of Fyn, KN or YF. Nedd4–2–mediated ubiquitination of
dendrin was significantly reduced in the presence of Fyn YF, by
comparison with the presence of Fyn KN (Figure 6, D and E).
These findings raise the possibility that Fyn-mediated tyrosine
phosphorylation of dendrin’s PPXY motifs displaces dendrin
from Nedd4–2. Our data supported this, showing that
Myc–Nedd4–2 (CA) interacted more strongly with GFP-
dendrin in the presence of FLAG–Fyn KN than in the pres-
ence of FLAG–Fyn YF (Figure 6F). The GFP-dendrin that
coimmunoprecipitated with FLAG–Fyn YF was phosphory-
lated (Figure 6G). MAGI-2’s WW domains also interacted
with dendrin’s PPXY motifs.17 These results prompted us to

test whether the phosphorylation of dendrin by Fyn regulates
theMAGI-2–dendrin interaction.Myc–MAGI-2 interactedwith
GFP-dendrin in the presence of FLAG–Fyn KN or YF (Figure
6H). Also, the GFP-dendrin that coimmunoprecipitated with
FLAG–Fyn YF was phosphorylated (Figure 6I). These results
indicate that phosphorylation of dendrin by Fyn can abro-
gate the Nedd4–2–dendrin interaction, but not the MAGI-
2–dendrin interaction.

Protein Tyrosine Phosphatase 1B Inhibits Fyn-Induced
Dendrin Tyrosine Phosphorylation and Promotes
Nedd4–2–Induced Dendrin Ubiquitination
We next analyzed how dendrin is dephosphorylated in podocytes.
Protein tyrosine phosphatase 1B (PTP1B) is known to nega-
tively regulate nephrin, an SD protein, via tyrosine phosphor-
ylation mediated by Fyn.23 We studied whether PTP1B affects
Fyn-mediated dendrin phosphorylation. When dendrin was
coexpressed with Fyn, YF, and a catalytically inactive mu-
tant of PTP1B (DA) in HEK293 cells, tyrosine phosphoryla-
tion of dendrin was detectable (Figure 7A). Fyn-mediated
phosphorylation of dendrin was abolished by PTP1B (WT)

Figure 6. Fyn protects dendrin from ubiquitination-mediated degradation by Nedd4–2. (A) Purified FLAG-dendrin but not FLAG-
control bound directly to purified Myc–Nedd4–2 (CA). (B–I) HEK293 cells were transfected with the indicated plasmids and cell lysates
were analyzed by Co-IP and western blotting. (B) GFP–dendrin full length, DPPXY1, and DPPXY2+3 coprecipitated with Myc–Nedd4–2
(CA). In contrast, GFP-dendrinDPPXY1+2+3 did not interact with Myc–Nedd4–2 (CA). (C) FLAG-dendrin was ubiquitinated by Myc–
Nedd4–2 (WT) in a PPXY motif–dependent manner, whereas dendrin ubiquitination was attenuated by Myc–Nedd4–2 (CA). (D)
Nedd4–2–mediated ubiquitination of FLAG-dendrin was decreased in the presence of Fyn YF. (E) Quantitative analysis of dendrin
ubiquitination levels. (F and G) Interaction of Myc–Nedd4–2 with GFP-dendrin was decreased in the presence of FLAG–Fyn YF
compared with FLAG–Fyn KN. (H and I) Interaction of Myc–MAGI-2 with GFP-dendrin was not affected by kinase activity of Fyn. Values
are represented as means6SEM (n=4). ***P,0.001 by paired t test.
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(Figure 7A). PTP1B-mediated dephosphorylation of dendrinwas
cancelled by phosphatase inhibitor (PhosSTOP) (Figure 7A), sug-
gesting that dephosphorylation of dendrin is dependent on PTP1B
phosphatase activity. In addition,Nedd4–2–induced dendrin ubiq-
uitination tended tobeupregulated in thepresenceofPTP1B (WT)
compared with PTP1B (DA) (Figure 7, B and C). Phosphatase
inhibitor significantly abolished the PTP1B-mediated upregulation
of dendrin ubiquitination (Figure 7, B and C). These results in-
dicate that PTP1B contributes to dendrin dephosphorylation and
Nedd4–2–induced dendrin ubiquitination. Next, we analyzed
whether the PTP1B-dendrin interaction is direct or indirect. In
vitro reconstitution studies with purified FLAG-dendrin and
GST-PTP1B (WT) showed that GST-PTP1B (WT) did not bind
to FLAG-dendrin (Supplemental Figure 3A). On the other hand,
Co-IP studies showed that both GST-PTP1B (WT) and GST-
PTP1B (DA) interacted with FLAG-dendrin (Supplemental Figure
3B), suggesting that PTP1B indirectly interacts with dendrin.

Dendrin is Phosphorylated in Podocytes under
Physiologic Conditions
Next, we analyzed whether Nedd4-2, Fyn, and PTP1B are ex-
pressed in glomeruli. IF andWBanalyses showed thatNedd4–2
and Fyn are expressed in glomeruli of control and MAGI-2pdKO

mice, and that dendrin was decreased and PTP1B was increased
in glomeruli of MAGI-2pdKO mice (Figure 8, A and B). The local-
ization and expression of CD2AP was preserved in MAGI-2pdKO

mice, as in control mice (Figure 8, A and B).
Toexamine the localizationandexpressionofphosphorylated

dendrin, we produced anti–phospho-dendrin (pY233-dendrin)

antibody. The antibody detected only phos-
phorylated dendrin by WB (Supplemental
Figure 4). IF studies showed that pY233-
dendrin was merged with total dendrin
outside the nuclei in control mice, whereas
anti–pY233-dendrin antibody could not
detect nuclear translocated dendrin in
MAGI-2pdKO mice (Figure 8C). WB studies
detected pY233-dendrin and total dendrin
in the glomeruli of control mice. Both
pY233-dendrin and total dendrin were re-
duced in the glomeruli of MAGI-2pdKO

mice (Figure 8D).
These results suggest that cytosolic

dendrin is dephosphorylated by PTP1B
in the absence ofMAGI-2, leading to ubiq-
uitination by Nedd4–2 or translocation to
the podocyte nucleus.

Podocytes from Crescentic GN
Exhibited MAGI-2 Downregulation
and Dendrin Nuclear Translocation
Finally, we examined whether MAGI-2 de-
creases anddendrin relocates to thepodocyte
nucleus under pathologic conditions. Previ-
ously, we reported that dendrin relocates to

the nucleus of podocytes in a mouse model of crescentic GN.10

We analyzed the localization and expression of MAGI-2 and
dendrin in a rat model of GN that displays crescent formation
and proteinuria.24 In crescentic GN, we found a downregulation
of MAGI-2 and an accumulation of dendrin in the nucleus of
podocytes at day 14 after disease induction (Figure 9A). WB
analysis showed that the expression of MAGI-2 and dendrin
was decreased in the glomeruli of rats after disease induction
(Figure 9, A and B). These results suggested that downregulation
of MAGI-2 promotes dendrin nuclear translocation in a cres-
centic GN model.

In addition, IF andWB analyses showed that Fyn and PTP1B
was decreased and that Nedd4–2 was preserved in glomeruli of
crescentic GN (Figure 9, A and B). Next, we analyzed whether
dendrin is phosphorylated in pathologic conditions by using
anti–pY233-dendrin antibody. Dendrin was phosphorylated in
control rats (Figure 9A). In contrast, anti–pY233-dendrin anti-
body detected no nuclear translocated dendrin in crescentic GN
(Figure 9A). These results suggest that dendrin is dephosphory-
lated and translocated to the nuclei not only in podocytes lacking
MAGI-2 but also in podocytes of crescentic GN.

DISCUSSION

In this study, MAGI-2pdKO mice exhibited massive albumin-
uria and glomerulosclerosis, and survived at least 2 months.
On the other hand, our previously generated MAGI-2 whole-
KO mice exhibited a complete disappearance of SDs and died

Figure 7. PTP1B inhibits Fyn-induced dendrin phosphorylation and promotes Nedd4–
2–induced dendrin ubiquitination. HEK293 cells were transfected with the indicated
plasmids and cell lysates were analyzed by Co-IP and western blotting. (A) Phos-
phorylation of GFP-dendrin was completely abolished by GST-PTP1B (WT) but not by
GST-PTP1B (DA). PTP1B-mediated dephosphorylation of dendrin was almost com-
pletely cancelled by PhosSTOP. PhosSTOP was added on the cell lysates during Co-IP
experiments (1 tablet per 1 ml of lysis buffer). (B) Nedd4–2–induced dendrin ubiq-
uitination was upregulated in the presence of PTP1B (WT) compared with PTP1B (DA)
and abolished by PhosSTOP. (C) Quantitative analysis of dendrin ubiquitination levels.
Values are represented as means6SEM (n=3). *P,0.05 by paired t test.
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Figure 8. Dephosphorylated dendrin translocates to the podocyte nuclei in MAGI-2pdKO mice. (A) Expression of Nedd4–2, Fyn, PTP1B, and
CD2AP by IF examination at 4 and 8 weeks of age. PTP1B was increased in MAGI-2pdKO mice. (B) Expression of dendrin, Nedd4–2, Fyn, PTP1B,
CD2AP, and GAPDH by western blotting at 4 and 8 weeks of age. Dendrin was decreased in MAGI-2pdKO mice. PTP1B was increased in MAGI-
2pdKO mice. (C) IF analysis of p233Y-dendrin and total dendrin at 4 weeks of age. Phosphorylated dendrin was localized at the SDs in control mice
(arrowheads). Nuclear translocated dendrin was not phosphorylated in MAGI-2pdKO mice. (D) The glomerular lysates from control and MAGI-2pdKO

mice at 4 weeks of age were analyzed by western blotting. Phosphorylated dendrin was clearly detected in control mice. (E) Postulated models for
dendrin phosphorylation and nuclear translocation in podocytes of control and MAGI-2pdKO mice. P, phosphate; Ub, ubiquitin.
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within 24 hours after birth.5 We wondered why they showed
different phenotypes. Similar previous reports indicated that
the differences in phenotypes between podocyte-specific KO
mice and whole-KO mice concerned giant protocadherins
(FAT1), one of the components of the SD. The podocyte-
specific FAT1 KO mice exhibited massive albuminuria and
survived to adulthood, whereas FAT1 whole-KO mice died
within 48 hours after birth because of SD disruption.25,26

One possibility is the difference in MAGI-2 expression pat-
terns in the neonatal period between MAGI-2pdKO mice and
MAGI-2 whole-KO mice. Previous reports have shown that
MAGI-2 appeared in the early capillary loop stage in the
neonatal podocytes and that MAGI-2 was bound to a marker

protein for the planar cell polarity pathway, Vangl2.4,27 Podo-
calyxin appears in the early capillary loop stage, and contributes
to podocyte maturation by determining cell polarity.4 Of note,
podocalyxin KO mice were also anuric and died in the neonatal
period, as did MAGI-2 whole-KO mice.28 Cre recombination
occurs during the capillary loop stage in glomerular develop-
ment in Neph2-cre mice, suggesting that MAGI-2 disappears
after the capillary loop stage in MAGI-2pdKO mice.29 Taken
together, MAGI-2 expression in the early capillary loop stage
may be necessary for determining cell polarity and podocyte
maturation.

Under physiologic conditions, dendrin binds to the SD-
associated proteins nephrin and CD2AP in podocytes.10

Figure 9. Podocytes from crescentic GN exhibited MAGI-2 downregulation and dendrin nuclear translocation. (A) Expression of MAGI-2,
Nedd4–2, Fyn, PTP1B, dendrin, and p233Y-dendrin by IF studies. The expression of MAGI-2, Fyn, and PTP1B was decreased in GBM-Ab
nephrosis rats. Dendrin was localized at the SDs in control rats but was translocated into nuclei in GBM-Ab nephrosis rats. Phosphorylated
dendrin was not detected in the nuclei in GBM-Ab nephrosis rats. (B) Expression of MAGI-2, dendrin, Nedd4–2, Fyn, PTP1B, and GAPDH
by western blotting. MAGI-2, dendrin, Fyn, and PTP1B were decreased after anti-GBM antibody administration. GBM, glomerular base-
ment membrane.
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Previous studies reported that nuclear translocated dendrin
was observed in CD2AP-deficient podocytes, acting as a
transcriptional factor to promote the expression of cytosolic
cathepsin L and degradation of CD2AP by the cytosolic
cathepsin L.18 Here, we revealed that nuclear translocated
dendrin was clearly observed in MAGI-2–deficient podocytes
as well as in CD2AP-deficient podocytes. However, MAGI-2,
but not CD2AP, was sufficient to control the localization of
dendrin outside the nucleus in vitro. Our studies suggested
that the loss of MAGI-2 expression in podocytes induces
nuclear translocation of dendrin, promoting podocyte ap-
optosis. It is possible that CD2AP indirectly regulates the
interaction between MAGI-2 and dendrin. Future studies
must elucidate the role of the MAGI-2–dendrin–CD2AP
complex in SD homeostasis.

Previous studies revealed that expression of dendrin was
reduced in nephrotic animal models and human glomerular
diseases, suggesting that dendrin is degraded for a reason.11–13

The ubiquitin-proteasome system is important in selective
degradation.30,31 It was reported that mutant a-actinin-4 induces
FSGS and undergoes ubiquitination and that RhoAwas a target of
Smurf1-mediated ubiquitination and Nck1 was a target of
c-Cbl–mediated ubiquitination in podocytes.32–34 In this
study, we identified a ubiquitin ligase, Nedd4–2, as a target
of poly-ubiquitination for dendrin degradation in podocytes.
The next question is, why dendrin is not degraded in podocytes
under physiologic conditions. In our experiments, PPXYmotifs
of dendrin were phosphorylated by Fyn and the phosphory-
lation protected the Nedd4–2–mediated ubiquitination. In
addition, endogenous Nedd4–2 did not interact with dendrin
in glomeruli under physiologic conditions (Supplemental
Figure 5). These results confirm that Nedd4–2 could not
bind to dendrin because dendrin is phosphorylated under
physiologic conditions. It is interesting that PPXY motifs of
phosphorylated dendrin could bind to MAGI-2 WW do-
mains, but not to Nedd4–2 WWdomains. Thus, dendrin on
the SD area may not encounter PTP1B, escaping dephosphor-
ylation. Indeed, endogenous PTP1B did not bind to dendrin
in glomeruli under physiologic conditions (Supplemental
Figure 5). These findings suggest that dendrin phosphory-
lated by Fyn could form a complex with MAGI-2, nephrin,
and CD2AP on the SD area under physiologic conditions.

In this study,we demonstrated thatMAGI-2 decreased in an
experimental GNmodel. It was reported that reducedMAGI-2
expression is associatedwith glomerular diseases and thatMAGI-2
mutations cause congenital nephrotic syndrome.7,35 These
reports indicated that MAGI-2 plays an important role in
the progression of human glomerular diseases. Newly gener-
atedMAGI-2pdKO KOmice would be an appropriate model to
mimic nephrosis and FSGS, because they exhibited massive
proteinuria, glomerulosclerosis, and kidney failure. Taking
our studies into consideration, inhibition of dendrin nuclear
translocation and/or preventing MAGI-2 from downregula-
tion could be novel therapeutic targets against podocyte loss
leading to kidney failure.

In conclusion, we demonstrated that podocyte-specific
MAGI-2 ablation causes podocyte loss and glomerulosclerosis,
which results inkidney failure.MAGI-2plays an important role
in regulation of the localization and degradation of dendrin.
Under physiologic conditions, Fyn phosphorylates dendrin
and interactswith it.Under pathologic conditions, it is possible
that dendrin with loss of MAGI-2 is dephosphorylated by
PTP1B and the dephosphorylated dendrin is ubiquitinated
by Nedd4–2 or translocated to podocyte nuclei, promoting
podocyte apoptosis (Figure 8E).

CONCISE METHODS

Generation of Podocyte-Specific MAGI-2 KO Mice
TheMagi2 gene-targeting vector was constructed as follows: neomy-

cin resistance cassettes flanked by FRT and loxP sites were inserted

into introns 5 and 6, respectively. The Venus CDS was inserted into

exon 6 (Supplemental Figure 1A). The linearized vector was electropo-

rated into E14TG2a embryonic stem cells. G418 and FIAU (Moravek

Biochemicals, Brea, CA) doubly resistant clones were screened by South-

ern blot analysis, and selected clones were used for the generation of

chimeric mice. The chimeric males were crossed with CAG-flp trans-

genic female mice to delete the PGK-Neo cassette and to generate con-

ditional (flox)-type KOmice, which lackedMagi2 exons 6–22. The care

and use of mice in this study was approved by the Institutional

Animal Care and Use Committee of Tohoku University. Neph2-cre

mice were obtained from Prof. Lawrence B. Holzman (University

of Pennsylvania).29 MAGI-2flox/flox mice were crossed with Neph2-cre (+);

MAGI-2flox/+ mice to generate podocyte-specific Neph2-cre (+);

MAGI-2flox/flox (MAGI-2pdKO) mice and Neph2-cre (2); MAGI-2flox/+

mice served as the control. The primers used for MAGI-2flox genotyping

were forward (F1) 59-AATAAAAATAGCTGCTTTGAGGACAGGGAG-

39, reverse (R1) 59-GTCAAATAGAACCCACAGGGATGACAAAGA-39,

and reverse (R2) 59-CATCGATTTTTTCCCAGCCATATGGAAGCT-

39. The primers used for Neph2-cre genotyping were forward

59-TTTGCCTGCATTACCGGTCGATGCAAC-39 and reverse 59-

TGCCCCTGTTTCACTATCCAGGTTACGGA-39.

Experimental Crescentic GN
Experimental crescentic GN was developed according to a protocol

established by Kohda et al.24 Disease was induced in male WKY rats

aged 5 weeks (body wt, 90–120 g) by injection of anti-rat mAb, a84

(Chondrex, Redmond, WA) (100 mg/kg, intraperitoneally). Rats

(n=3 per group) were euthanized on days 3, 7, and 14 after injection

of antibody and the kidneys were harvested. Saline-injected age-

matched WKY rats (n=4) served as controls.

RNA Extraction and Real-Time PCR
Isolation of the wild-type and MAGI-2pdKO mouse glomeruli was per-

formed using dynabeads perfusionmethods.36 RNAof isolated glomer-

uli was isolated using RNeasy plus (QIAGEN, Venlo, The Netherlands),

and then reverse transcribed using a ReverTra Ace qPCR RT kit

(TOYOBO, Osaka, Japan). Real-time PCR was performed using a

THUNDERBIRD Probe (TOYOBO) and a Real-Time PCR System
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7300 (Applied Biosystems,Waltham,MA). The following primers were

used: MAGI-2 (forward, 59-CGAGAGCCATTTATGAAAGTAGGC-39;

reverse, 59-GTTCCTTATAATCTGGACCAGAGGA-39) normalized

with b-actin.

Measurement of Plasma Creatinine and Urine Albumin
Plasma creatinine levels were measured using LabAssay Creatinine

(Wako, Osaka, Japan) according to the manufacturer’s protocol. Uri-

nary albumin was measured using a Mouse Albumin ELISA KIT

(Shibayagi, Gunma, Japan) according to the manufacturer’s protocol.

Histologic Analysis
Kidneys were removed, cut, and fixed with 4% paraformaldehyde

(PFA) in PBS at 4°C overnight. After dehydration, the kidneys were

embedded in paraffin. Paraffin blocks were sectioned in 2 mm thick-

nesses, and stained with periodic acid–Schiff or with Azan Mallory

for histologic evaluation by light microscopy.

Scanning Electron Microscopy
Kidneys were fixed with 4% PFA and 2% glutaraldehyde in 0.1 M

phosphate buffer (PB; pH 7.4) at 4°C overnight. After postfixation

with 1% OsO4 in 0.1 M PB for 2 hours, samples were dehydrated in

ethanol and t-butyl alcohol and dried using a freeze-dry device. Next,

the samples were coated with a thin layer of platinum palladium and

examined with a scanning electron microscope (S-4700; Hitachi,

Tokyo, Japan).

Transmission Electron Microscopy
Kidneyswerefixedwith 4%PFAand2%glutaraldehydewith 0.1MPB

at 4°C overnight. After postfixation with 1% OsO4 in 0.1 M PB for 2

hours, samples were dehydrated in ethanol and propylene oxide.

Next, the samples were penetrated in propylene oxide and Epon after

polymerization in pure Epon. Ultrathin sections were cut with an

ultramicrotome. The sections were stained in uranyl acetate and

lead citrate. The grids were examined with a transmission electron

microscope (H-7650; Hitachi).

Plasmid Constructs
A full-length cDNA clone of human or rat dendrin was cloned in-

frame into pEGFP-C1 (Clontech, Mountain View, CA) or pFLAG-

CMV-6a(Sigma-Aldrich, St. Louis,MO)vectors.Ratdendrindeletion

constructs lacking PPXY motifs 1 (amino acids 146–149), 2 and 3

(amino acids 170–179), or all three (amino acids 146–149, 170–179),

were generated by PCR and cloned into pEGFP-C1 or pFLAG-CMV-6a.

Mouse MAGI-2 cDNA was cloned into pGEX-5X-1 (GE Healthcare,

Buckinghamshire, UK), pCMV-Myc (Clontech), or pFLAG-CMV-6a.

A MAGI-2 deletion construct lacking the WW domain (amino acids

304–380) was generated by PCR and cloned into pFLAG-CMV-6a.

Mouse CD2AP cDNA was cloned into pFLAG-CMV-5a. Human Fyn

YF (kinase-active form) and KN (kinase-negative form) cDNA was

provided by Dr. Yutaka Harita (University of Tokyo) and cloned into

pFLAG-CMV-6a or pCMV-Myc.20 Myc-tagged mouse Nedd4–2

(WT and CA) cDNAwas provided by Dr. Takeshi Imamura (Ehime

University).22 HA-tagged ubiquitin construct was provided by Prof.

Keiji Tanaka (Tokyo Metropolitan Institute of Medical Science).32

GST-tagged PTP1B (WT and DA) was provided by Prof. Tomoko

Takano (McGill University).23 Empty vectors (pEGFP, pFLAG, and

pCMV-Myc) were used as the negative control. All constructs were

verified by DNA sequencing.

Antibodies and Reagents
Rabbit or guinea pig anti-dendrin antibody has been previously de-

scribed.11,12,37 Other commercial primary antibodies were used as

follows: rabbit anti–MAGI-2 antibody, mouse anti-FLAG antibody,

rabbit anti-HA antibody, and mouse anti-GAPDH antibody (Sigma-

Aldrich); rabbit anti-GFP antibody (MBL, Nagoya, Japan); mouse

anti-phosphotyrosine antibody (Millipore, Darmstadt, Germany);

rabbit anti-Fyn antibody (Atlas, Stockholm, Sweden); rabbit anti-

Fyn antibody, rabbit anti–cleaved caspase-3 antibody, and rabbit

anti–Nedd4–2 antibody (Cell Signaling, Danvers, MA); mouse anti-

Myc antibody and rabbit anti–WT-1 antibody (Santa Cruz, Dallas,

TX); rabbit anti-CD2AP antibody (Proteintech, Chicago, IL); mouse

anti-PTP1B antibody (BD Biosciences, Franklin Lakes, NJ); rabbit

anti-PTP1B antibody (RayBiotech, Norcross, GA); goat anti-GST

antibody (GE Healthcare); and mouse anti-synaptopodin antibody

(Progen, Heidelberg, Germany). PP2 and SU6656 were purchased

from Santa Cruz.

Generation of Polyclonal Antibodies against
Phosphorylated Dendrin
Rabbitswere immunizedwithakeyhole limpethemocyanin–conjugated

peptide (single letter code, VAPPS[pY]EGPHRC) corresponding to the

PPXY3-containing sequence of dendrin. The anti-serum was affinity-

purified with the corresponding peptide linked toUltralink (BIO-RAD,

Hercules, CA) according to the manufacturer’s instructions.

IF Confocal Microscopy and TUNEL Staining
IF microscopy of frozen mouse and rat kidney sections and COS-7

cells was performed as previously described.32,38 Double labeling of

mouse and rat kidney sections and COS-7 cells was performed with

anti–MAGI-2 (1:50), anti-synaptopodin (1:10), anti–WT-1 (1:25),

anti–cleaved caspase-3 (1:250), guinea pig anti-dendrin (1:25), rab-

bit anti-dendrin (1:50), anti-FLAG (1:2000), anti–Nedd4–2 (1:50),

anti-Fyn (1:50), rabbit anti-PTP1B (1:100), anti-CD2AP (1:50), and

anti-pY233 dendrin (1:25) antibodies. Confocal images were ac-

quired using an SP8 DM Microscope (Leica, Wetzlar, Germany)

and BZ-X710 (Keyence, Osaka, Japan). TUNEL staining was per-

formed as previously described.12

Cell Culture and Transient Transfection
Transient transfection toHEK293cells andCOS-7cellswasperformed

as previously described.19

Yeast Two-Hybrid Screening
Yeast two-hybrid screening for dendrin-interacting proteins was

performed as previously described.19 Full-length dendrin and a den-

drin mutant with deleted NLS1 (DNLS1) were cloned into bait vector

pGBKT7 (Clontech) to create a fusion protein with the GAL4 DNA

binding domain and transformed into yeast strain Y2Hgold. Expres-

sion of dendrin full-length–GAL4 or dendrinDNLS1-GAL4 fusion
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protein was verified by immunoblotting. Transformed Y2Hgold cells

were mated with yeast strain Y187 (Clontech), which was pretrans-

formedwith a human kidneyMATCHMAKER cDNA library fused to

the GAL4 activation domain. Screening was performed according to

the manufacturer’s protocol (MATCHMAKER two-hybrid system 3;

Clontech). Prey plasmids were isolated, sequenced, and retransformed

into Y2Hgold cells in combination with the dendrin full-length or

dendrinDNLS1 bait construct control plasmid (pGBKT7-Lamin;

Clontech), or the empty bait vector pGBKT7 to exclude false positives.

Immunoprecipitation and Pull-down Assays
Endogenous Co-IP from isolated glomerular extracts was performed

as previously described.10 Briefly, glomerular lysates were prepared in

lysis buffer (1% NP-40, 20 mM HEPES [pH7.5], 150 mM NaCl,

100 mM potassium iodide) supplemented with protease inhibitor

(Complete Mini; Roche Applied Science, Penzberg, Germany) and

phosphatase inhibitor (PhosSTOP; Roche Applied Science). Glomer-

ular extracts were incubated with protein-A agarose beads (Santa

Cruz) and rabbit or guinea pig anti-dendrin antibody (1:50) under

rotation overnight at 4°C. The beads were washed three times in

lysis buffer. Bound proteins were eluted with 43 Laemmli buffer/

2-mercaptoethanol. Elutes, along with glomeruli lysates, were ana-

lyzed by western blotting. Blots were probed with rabbit anti-dendrin

(1:500), guinea pig anti-dendrin (1:250), anti–MAGI-2 (1:500), anti-

Fyn (1:1000), anti–Nedd4–2 (1:1000), and rabbit anti-PTP1B (1:500)

antibodies.

GST pull-down studies with GST–MAGI-2 and glomerular

protein extracts were performed as previously described.10 Briefly,

glomerular lysates were prepared in lysis buffer supplemented

with protease inhibitor (Complete Mini) and phosphatase inhib-

itor (PhosSTOP). GST-fusion MAGI-2 protein was expressed in

E. coli BL21 and immobilized on GST-agarose beads (GE Healthcare).

The beads were washed three times in assay buffer (1% Triton-X 100 in

PBS), and glomerular lysates were added to the beads. Reactions were

incubated under rotation for 90 minutes at 4°C, and the beads were

washed three times in lysis buffer. Bound proteins were eluted with 43

Laemmli buffer/2-mercaptoethanol. Elutes, along with glomeruli

lysates (serving as input), were analyzed by western blotting. Blots

were probed with rabbit anti-dendrin (1:500) antibody.

Pull-down assays with purified recombinant proteins were per-

formed as previously described.10 Briefly, FLAG-dendrin was immo-

bilized on anti-FLAG beads (Sigma-Aldrich). The beads were washed

three times with IP buffer (1%–2% Triton-X, 150 mM NaCl, 50 mM

Tris-HCl [pH 7.5]), and 1.25–1.5mg of purifiedMyc–MAGI-2, Myc–

Fyn YF, or Myc–Nedd4–2 (CA) in IP buffer was added to the beads.

Reactions were incubated under rotation for 1 hour at 4°C, and the

beads were washed three times in IP buffer. Proteins were eluted with

43 Laemmli buffer/2-mercaptoethanol and analyzed by western

blotting. Blots were probed with anti–c-Myc (1:200), anti-FLAG

(1:10,000), and anti-Fyn (1:1000) antibodies. GST-PTP1B was im-

mobilized on GST-agarose beads. The beads were washed three times

with IP buffer, and 2.5 mg of purified FLAG-dendrin in IP buffer was

added to the beads. Reactions were incubated under rotation for 1

hour at 4°C, and the beads were washed three times in IP buffer.

Proteins were eluted with 43 Laemmli buffer/2-mercaptoethanol

and analyzed by western blotting. Blots were probed with anti-

FLAG (1:10,000) and anti-GST (1:2000) antibodies.

Co-IP and western blotting from transfected HEK293 cells were

performed as previously described.19 Briefly, GFP-, FLAG-, c-Myc–,

HA-, and GST-tagged cDNA constructs were transfected into

HEK293 cells using FuGENE 6 (Promega, Madison, WI). After 48

hours, cells were lysed with IP buffer containing protease inhibitor

(Complete Mini) with or without phosphatase inhibitor (PhosSTOP).

Lysates were then incubated for 3 hours with anti-FLAG beads or

anti–c-Myc beads (Wako). The beads were then washed five times

with IP buffer to remove unbound proteins. Bound proteins were

eluted with 43 Laemmli buffer/2-mercaptoethanol. Elutes, along

with whole-cell lysates (serving as input), were analyzed by western

blotting. Blots were probed with anti-FLAG (1:10,000), anti-GFP

(1:1000), anti–p-Tyr (1:2500), anti-Fyn (1:1000), anti–c-Myc

(1:200), anti-HA (1:2500), anti-GST (1:2000), and mouse anti-

PTP1B (1:2500) antibodies.

Western Blotting
Isolation of control and MAGI-2pdKO mouse and rat glomeruli was

performed by sieving methods. Glomerular lysates and COS-7 cellu-

lar lysates were prepared in CHAPS buffer and supplemented with

protease inhibitor (Complete Mini) and phosphatase inhibitor

(PhosSTOP), as previously described.19 Proteins were eluted with

43 Laemmli buffer/2-mercaptoethanol, then analyzed by western

blotting. Blots were probed with anti–MAGI-2 (1:500), rabbit anti-

dendrin (1:500), anti–Nedd4–2 (1:1000), anti-Fyn (1:1000), rabbit

anti-PTP1B (1:500), anti-CD2AP (1:500), anti–p233Y-dendrin

(1:200), and anti-GAPDH (1:10,000) antibodies.

Statistical Analysis
All data are expressed as mean6SEM. Two sets of data were compared

using a paired t test. A P value,0.05 was considered statistically significant.
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