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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 from MAGI-2-KO mice 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 of MAGI-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 from Nedd4-2-mediated ubiquitination
and from nuclear translocation, thereby maintaining the physiologic homeostasis of podocytes, and the lack
of MAGI-2 in podocytes results in FSGS.
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Kidney podocytes surround the apical aspect of
the glomerular basement membrane and form the
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final barrier to plasma proteins, which explains
why podocyte injury is typically associated with
proteinuria.l>? 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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Figure 1. MAGI-2P¥© mice exhibit overt albuminuria and increased plasma creati-
nine levels. (A) The glomerular RNA from the control and MAGI-2P9© mice was an-
alyzed by real-time PCR. Expression of MAGI-2 was significantly decreased in the
glomeruli of MAGI-2P9<C mice at 4 weeks of age. (B) Expression of MAGI-2 com-
pletely disappeared in MAGI-2P9“C mouse glomeruli analyzed by IF studies at 8 weeks
of age. (C) At 12 weeks, MAGI-2P¥€® mice exhibited atrophic kidneys. (D) Results from
a 6-month follow-up of MAGI-2P¥<° mice to establish the survival of the data. Kaplan—
Meier survival curves showed that MAGI-2P¥© 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-2P9C mice for urinary albumin-to-creatinine ratios. MAGI-2P9%® 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-2P9C mice had significantly higher plasma creatinine levels than control mice.
Values are represented as the means*=SEM (n=3-5). *P<0.05, **P<0.01, ***P<0.001
by paired t test.

details of the molecular architecture of podocytes and the SDs,

the mechanisms underlying podocyte injury and loss are still
poorly understood.
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Membrane-associated guanylate kinase
inverted 2 (MAGI-2) is a multidomain scaf-
folding protein containing six PDZ domains,
two WW domains, and a guanylate kinase
(GK) domain. MAGI-2 was originally iden-
tified in the spine and in the podocytes.3* We
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.> Other groups
have also recently reported the creation of
MAGI-2 whole-KO mice.®” 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.® 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 KO mice 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.® Dendrin is
seen as a component of the SD complex
that translocates to the nucleus of injured
podocytes in glomerular disease mouse
models.!® Dendrin nuclear translocation
promotes podocyte apoptosis, which leads
to cell death.!® Dendrin nuclear transloca-
tion has also been detected in human glo-
merular diseases that can cause podocyte loss
and glomerulosclerosis.!'~!3 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.!! It
was reported that genetic ablation of den-
drin prolongs the life span by delaying the
progression of kidney disease in mice.'*
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 of MAGI-2 results in FSGS. We also show that
podocytes from crescentic GN exhibit MAGI-2 downregula-
tion and dendrin nuclear translocation.

2655



| BASIC RESEARCH | www.jasn.org

1
A B 100 -
IS U
= 5T
S E2 60
(6] S0
o £
O o
=5 40 1
o> *
KO
C Qo 20 T
a2
Q 0 T T |i| T
° I °
€ € €
o o o} (o)
8§ ¢ 8 ¢ 8 ¢
4 weeks 8 weeks 12 weeks
c 4 weeks 8 weeks

Control

Control

4 weeks 8 weeks

Control Control

Low-power field

High-power field

e

Figure 2. MAGI-2P¥© 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-2P¥“© mice. (B) The glomerulosclerosis index was significantly in-
creased in MAGI-2P¥© mice from 8 weeks onward. (C) Scanning electron micrographs of podocyte foot processes in control and
MAGI-2P¥© mice. MAGI-2P¥© 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-specific MAGI-2 KO (MAGI-2P**°) 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-2P4©
mice were born in Mendelian ratios and appeared normal at
birth, but the kidneys of MAGI-2P* mice at 12 weeks of age
showed a pale appearance (Figure 1C). The median survival of
MAGI-2P**© mice was 90 days and all mice died by 20 weeks
of age (Figure 1D).

The levels of albuminuria in MAGI-2P™© mice were sig-
nificantly higher than that in control mice from 8 weeks on-
ward (urinary albumin-to-creatinine ratios of control versus
MAGI-2P¥© at 4 weeks: 0.01+0.01 versus 5.56+3.26; at 8
weeks: 0.02£0.01 versus 18.18*4.14, P<<0.05; at 12 weeks:
0.02%+0.00 versus 95.49+10.96, P<<0.001; Figure 1E).
MAGI-2P™© mice exhibited significantly higher plasma creati-
nine levels compared with control mice at 12 weeks of age (plasma
creatinine concentration of control versus MAGI-2P4¥© at
4 weeks: 0.45%+0.03 versus 0.39+0.02; at 8 weeks: 0.44*0.05
versus 0.45+0.03; at 12 weeks: 0.35%0.03 versus 1.38*0.21,
P<<0.01; Figure 1F). These results indicate that MAGI-2pP4KO
mice died because of renal failure.

MAGI-2P9© Mice Exhibit Glomerulosclerosis and an
Abnormal Morphology of Podocytes

We performed periodic acid—Schiff staining in kidneys from
MAGI-2P*© 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-2P**© mice was sig-
nificantly increased from 8 weeks onward (sclerotic glomeruli
per total glomeruli of control versus MAGI-2P<° at 4 weeks:
0.00%0.00 versus 0.80%+0.46; at 8 weeks: 0.00+0.00 versus
9.73%+2.81, P<<0.05; at 12 weeks: 0.00+0.00 versus 87.88=*
7.96, P<0.001; Figure 2B). MAGI-2P 4KO mice demonstrated
interstitial fibrosis from 8 weeks onward (data not shown).
These results indicate that MAGI-2P*° mice exhibited
FSGS-like glomerulopathy.

To examine the mechanisms of renal dysfunction in MAGI-
2P9KO 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-2P**° mice
exhibited a disorganization of interdigitation, a definite foot
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process regression at 4 weeks, and foot process planarization at
8 weeks of age (Figure 2C). Analysis of glomerular ultrastruc-
ture via transmission electron microscopy showed that the SDs
between foot processes had disappeared in MAGI-2P"° 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.!> To investigate
whether podocyte loss occurred in MAGI-2P¥0 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 in MAGI-2P4K© mice, compared with control mice
(WT-1—positive cell numbers in control versus MAGI-2P9¥© at 4
weeks: 14.27+0.68 versus 10.01+1.02, P<<0.05; at 8 weeks:
14.16£0.20 versus 7.34%+1.52, 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-2P4¥©
mice than in control mice (counted cleaved caspase-3—positive
glomeruli/total glomeruli of control versus MAGI-2P9X© at
4 weeks: 0.60+0.30 versus 5.46%1.08%, P<<0.05; at 8 weeks:
2.10%0.79 versus 15.39+1.94, 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-2P"° 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-2P% at 4 weeks: 0.23+0.23 versus 1.17%0.56%; at
8 weeks: 0.00+0.00 versus 10.16+1.18, P<<0.001, each >50 glo-
meruli in #=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
We previously reported that nuclear-translocated dendrin pro-
motes podocyte apoptosis.!®12:16 [F studies showed that den-
drin exhibited a cytosolic pattern and a nuclear pattern that
merged with WT-1 in MAGI-2P*© mice (Figure 4A). In con-
trast, dendrin exhibited a characteristic capillary pattern in
control mice, in agreement with its SD localization.!°
Dendrin interacts with MAGI-2 in the brain.!” To test
whether dendrin interacts with MAGI-2 in glomeruli, we

age. (D) Microstructure of SDs of control and MAGI-2P¥° mice by transmission electron microscopy. (Upper panels) MAGI-

2P9KO mice

exhibited foot process effacement at 4 and 8 weeks of age. (Lower panels) SDs disappeared in MAGI-2P“C mice at 4 and 8 weeks of age.
Values are represented as the means*=SEM (n=3-4). *P<0.05, ***P<0.001 by paired t test.
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Figure 3. Podocyte apoptosis increased in MAG-2P<©

mice. (A) Mean podocyte numbers per glomerulus in control and MAGI-

zdeO

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-2P™® mice at 4 and 8 weeks of age. (C) The localization of cleaved caspase-3 (arrowhead) in control and MAG|-2PKO
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-2P¥© mice at 4 and 8 weeks of age. (E) The TUNEL-positive dots were detected in MAGI-2P¥© mouse

glomeruli. (F) The rate of TUNEL-positive dots per total glomeruli was significantly increased in MAGI

-2P3O mice at 8 weeks of age. Values are

represented as means+SEM (n=3-4). *P<0.05, **P<0.01, ***P<0.001 by paired t test.

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 and Myc—-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

2658 Journal of the American Society of Nephrology

truncated mutants of FLAG-MAGI-2 and GFP-dendrin. In
contrast to FLAG-MAGI-2, FLAG-MAGI-2AWW did not in-
teract with GFP-dendrin (Figure 4, E and F). GFP-dendrin,
GFP-dendrinAPPXY1, and GFP-dendrinAPPXY2+3 copreci-
pitated with FLAG-MAGI-2 (Figure 4, G and H). In contrast,
GFP-dendrinAPPXY1+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.!®
We performed cotransfection studies in COS-7 cells to inves-
tigate whether MAGI-2 or CD2AP is necessary for inhibiting

J Am Soc Nephrol 28: 2654-2669, 2017
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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-2P9K® 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-2AWW. (F) GFP-dendrin coprecipitated
with FLAG-MAGI-2 but not with FLAG-MAGI-2AWW. (G) Schema of dendrin full length, dendrinAPPXY1, dendrinAPPXY2+3, and
dendrinAPPXY1+2+3. (H) GFP-dendrinAPPXY1+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-2AWW or FLAG-CD2AP. (J) Quan-
titative analysis of nuclear import of GFP-dendrin in transfected COS-7 cells. Values are represented as means*SEM (n=3-5).
**P<0.01 by paired t test.

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:
100.0%£0.00% versus 52.0*+6.44%, P<<0.05, assessed with
20 cells, n=3-5; Figure 4, I and J). Neither CD2AP nor
MAGI-2AWW suppressed the nuclear translocation of
dendrin (Figure 4, I and J). These results suggest that

J Am Soc Nephrol 28: 2654-2669, 2017

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-2P*© 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

MAGI-2 Is Required for Podocyte Homeostasis 2659
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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.
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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.

binding domain of the GAL4 protein according to previously
published protocols.’® 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.?® 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.?! 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).1¢
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

2660 Journal of the American Society of Nephrology

purified FLAG-dendrin and Myc—Fyn YE 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.!"-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
PPXY motifs (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 DendrinAPPXY1+2+3, which did not interact
with Nedd4-2, was not ubiquitinated by Nedd4-2 (WT)
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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.!” These results prompted us to

J Am Soc Nephrol 28: 2654-2669, 2017

test whether the phosphorylation of dendrin by Fyn regulates
the MAGI-2—dendrin interaction. Myc—-MAGI-2 interacted with
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 61). 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)

MAGI-2 Is Required for Podocyte Homeostasis 2661
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(Figure 7A). PTP1B-mediated dephosphorylation of dendrin was
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 ubig-
uitination tended to be upregulated in the presence of PTP1B (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-PTPIB (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-
PTPI1B (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. IFand WB analyses showed that Nedd4-2
and Fyn are expressed in glomeruli of control and MAGI-2P4<°
mice, and that dendrin was decreased and PTP1B was increased
in glomeruli of MAGI-2P**° mice (Figure 8, A and B). The local-
ization and expression of CD2AP was preserved in MAGI-2P¥<©
mice, as in control mice (Figure 8, A and B).

To examine thelocalization and expression of phosphorylated
dendrin, we produced anti-phospho-dendrin (pY233-dendrin)
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dendrin is dephosphorylated by PTP1B
in the absence of MAGI-2, leading to ubiq-
uitination by Nedd4-2 or translocation to
the podocyte nucleus.

with the indicated

Podocytes from Crescentic GN
Exhibited MAGI-2 Downregulation
and Dendrin Nuclear Translocation
Finally, we examined whether MAGI-2 de-
creases and dendrin relocates to the podocyte
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.?* 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 and WB 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-2P%© 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
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ment membrane.

within 24 hours after birth.> 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-2P*° 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
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protein for the planar cell polarity pathway, Vangl2.427 Podo-
calyxin appears in the early capillary loop stage, and contributes
to podocyte maturation by determining cell polarity.# Of note,
podocalyxin KO mice were also anuric and died in the neonatal
period, as did MAGI-2 whole-KO mice.?® 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-2P*° mice.2% 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.!°

J Am Soc Nephrol 28: 2654-2669, 2017



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.1® 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.!1-13
The ubiquitin-proteasome system is important in selective
degradation.3%3! It was reported that mutant «-actinin-4 induces
FSGS and undergoes ubiquitination and that RhoA was a target of
Smurfl-mediated ubiquitination and Nckl was a target of
c-Cbl-mediated ubiquitination in podocytes.>>=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, PPXY motifs
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 WW domains. 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 that MAGI-2 decreased in an
experimental GN model. It was reported that reduced MAGI-2
expression is associated with glomerular diseases and that MAGI-2
mutations cause congenital nephrotic syndrome.”3> These
reports indicated that MAGI-2 plays an important role in
the progression of human glomerular diseases. Newly gener-
ated MAGI-2P**© KO mice 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.
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In conclusion, we demonstrated that podocyte-specific
MAGI-2 ablation causes podocyte loss and glomerulosclerosis,
which results in kidney failure. MAGI-2 plays an important role
in regulation of the localization and degradation of dendrin.
Under physiologic conditions, Fyn phosphorylates dendrin
and interacts with 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
The Magi2 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 KO mice, which lacked Magi2 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).?® MAGI-2119% mice were crossed with Neph2-cre (+);
MAGI-2* mice to generate podocyte-specific Neph2-cre (+);
MAGI-2¥1x (\MAGI-2P¥©) mice and Neph2-cre (—); MAGI-21o¥+
mice served as the control. The primers used for MAGI-2™ genotyping
were forward (F1) 5'-AATAAAAATAGCTGCTTTGAGGACAGGGAG-
3', reverse (R1) 5'-GTCAAATAGAACCCACAGGGATGACAAAGA-3',
and reverse (R2) 5'-CATCGATTTTTTCCCAGCCATATGGAAGCT-
3’. The primers used for Neph2-cre genotyping were forward
5'-TTTGCCTGCATTACCGGTCGATGCAAC-3' and reverse 5'-
TGCCCCTGTTTCACTATCCAGGTTACGGA-3'.

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

established by Kohda et al.>* 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 ug/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-2P*° mouse glomeruli was per-

formed using dynabeads perfusion methods.?¢ RNA of 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, 5'-CGAGAGCCATTTATGAAAGTAGGC-3';
reverse, 5 -GTTCCTTATAATCTGGACCAGAGGA-3’) 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 wm 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% OsOy in 0.1 M PB for 2 hours, samples were dehydrated in
ethanol and ¢-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
Kidneys were fixed with 4% PFA and 2% glutaraldehyde with 0.1 M PB

at 4°C overnight. After postfixation with 1% OsO, 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. Rat dendrin deletion
constructs lacking PPXY motifs 1 (amino acids 146-149), 2 and 3
(amino acids 170-179), or all three (amino acids 146149, 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.2® Myc-tagged mouse Nedd4-2
(WT and CA) cDNA was provided by Dr. Takeshi Imamura (Ehime
University).?2 HA-tagged ubiquitin construct was provided by Prof.
Keiji Tanaka (Tokyo Metropolitan Institute of Medical Science).3?

2666 Journal of the American Society of Nephrology

GST-tagged PTP1B (WT and DA) was provided by Prof. Tomoko
Takano (McGill University).2*> 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.!1>1237 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

Rabbits were immunized with akeyholelimpet hemocyanin—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 to Ultralink (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.!?

Cell Culture and Transient Transfection
Transient transfection to HEK293 cells and COS-7 cells was performed

as previously described.!®

Yeast Two-Hybrid Screening

Yeast two-hybrid screening for dendrin-interacting proteins was
performed as previously described.!® Full-length dendrin and a den-
drin mutant with deleted NLS1 (ANLS1) 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 dendrinANLS1-GAL4 fusion
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protein was verified by immunoblotting. Transformed Y2Hgold cells
were mated with yeast strain Y187 (Clontech), which was pretrans-
formed with a human kidney MATCHMAKER ¢DNA 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
dendrinANLSI bait construct control plasmid (pGBKT7-Lamin;
Clontech), or the empty bait vector pGBKT?7 to exclude false positives.

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

as previously described.!? Briefly, glomerular lysates were prepared in
lysis buffer (1% NP-40, 20 mM HEPES [pH7.5], 150 mM NacCl,
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 4 X 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.!? 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 4X
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.! 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-HCI [pH 7.5]), and 1.25-1.5 ug of purified Myc—-MAGI-2, Myc—
Fyn YE, 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
4X 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 ug 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 4X Laemmli buffer/2-mercaptoethanol
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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.!® 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 4X 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-
PTPI1B (1:2500) antibodies.

Western Blotting
Isolation of control and MAGI-

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

dKO .
2P9KC mouse and rat glomeruli was

lar lysates were prepared in CHAPS buffer and supplemented with
protease inhibitor (Complete Mini) and phosphatase inhibitor
(PhosSTOP), as previously described.!® Proteins were eluted with
4X 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 mean+SEM. Two sets of data were compared

using a paired ¢ test. A P value <<0.05 was considered statistically significant.

ACKNOWLEDGMENTS

We thank Prof. Lawrence B. Holzman (University of Pennsylvania) for
Neph2-cre mice, Dr. Yutaka Harita (University of Tokyo) for Fyn
c¢DNA constructs, Prof. Takeshi Imamura (Ehime University) for
Nedd4-2 ¢cDNA constructs, Prof. Keiji Tanaka (Tokyo Metropolitan
Institute of Medical Science) for ubiquitin construct, and Prof.
Tomoko Takano (McGill University) for PTP1B cDNA constructs. We
thank Ms. Chinatsu Toguchi, Ms. Chihiro Nakagawa, and Ms. Yuri
Ogawa for their excellent technical assistance. We thank Mrs. Keiko
Okamoto-Furuta and Mr. Haruyasu Kohda (Division of Electron
Microscopic Study, Center for Anatomical Studies, Graduate School
of Medicine, Kyoto University) for their skillful technical support with
the electron microscopy. We thank Dr. Yurie Nakaya for kind support
with the intellectual property.

This work was supported in part by a Ministry of Education,
Culture, Sports, Science and Technology of Japan Grant-in-Aid for
Scientific Research, 26670431 (to K.A.), 20380058, 23380055 (to K.N.)
and 14]12268 (to K.Y.-N.).

MAGI-2 Is Required for Podocyte Homeostasis 2667



BASIC RESEARCH

www.jasn.org

DISCLOSURES

None of the authors has a direct conflict of interest that is relevant to this study.
Outside the contents of the study, K.A., KM., T.N., and M.Y. have received research
funding from Mitsubishi Tanabe Pharmaceutical Corporation.

REFERENCES

10.

11.

12.

13.

14.

15.

2668

. Asanuma K, Mundel P: The role of podocytes in glomerular pathobi-

ology. Clin Exp Nephrol 7: 255-259, 2003

. Greka A, Mundel P: Cell biology and pathology of podocytes. Annu Rev

Physiol 74: 299-323, 2012

. Hirao K, Hata Y, Ide N, Takeuchi M, Irie M, Yao |, Deguchi M, Toyoda A,

Sudhof TC, Takai Y: A novel multiple PDZ domain-containing molecule
interacting with N-methyl-D-aspartate receptors and neuronal cell ad-
hesion proteins. J Biol Chem 273: 21105-21110, 1998

. Lehtonen S, Ryan JJ, Kudlicka K, lino N, Zhou H, Farquhar MG: Cell

junction-associated proteins IQGAP1, MAGI-2, CASK, spectrins, and
alpha-actinin are components of the nephrin multiprotein complex.
Proc Natl Acad Sci USA 102: 9814-9819, 2005

. lhara K, Asanuma K, Fukuda T, Ohwada S, Yoshida M, Nishimori K:

MAGI-2 is critical for the formation and maintenance of the glomerular
filtration barrier in mouse kidney. Am J Pathol 184: 2699-2708, 2014

. Balbas MD, Burgess MR, Murali R, Wongvipat J, Skaggs BJ, Mundel P,

Weins A, Sawyers CL: MAGI-2 scaffold protein is critical for kidney
barrier function. Proc Natl Acad Sci USA 111: 14876-14881, 2014

. Lefebvre J, Clarkson M, Massa F, Bradford ST, Charlet A, Buske F,

Lacas-Gervais S, Schulz H, Gimpel C, Hata Y, Schaefer F, Sched| A:
Alternatively spliced isoforms of WT1 control podocyte-specific gene
expression. Kidney Int 88: 321-331, 2015

. DongL, Pietsch S, Tan Z, Perner B, Sierig R, Kruspe D, Groth M, Witzgall

R, Gréne HJ, Platzer M, Englert C: Integration of cistromic and tran-
scriptomic analyses identifies Nphs2, Mafb, and Magi2 as Wilms' Tumor
1 target genes in podocyte differentiation and maintenance. J Am Soc
Nephrol 26: 2118-2128, 2015

. Neuner-Jehle M, Denizot JP, Borbély AA, Mallet J: Characterization

and sleep deprivation-induced expression modulation of dendrin, a
novel dendritic protein in rat brain neurons. J Neurosci Res 46: 138—
151, 1996

Asanuma K, Campbell KN, Kim K, Faul C, Mundel P: Nuclear relocation
of the nephrin and CD2AP-binding protein dendrin promotes apo-
ptosis of podocytes. Proc Natl Acad Sci USA 104: 10134-10139, 2007
Kodama F, Asanuma K, Takagi M, Hidaka T, Asanuma E, Fukuda H, Seki
T, Takeda Y, Hosoe-Nagai Y, Asao R, Horikoshi S, Tomino Y: Trans-
location of dendrin to the podocyte nucleus in acute glomerular injury
in patients with IgA nephropathy. Nephrol Dial Transplant 28: 1762—
1772,2013

Asanuma K, Akiba-Takagi M, Kodama F, Asao R, Nagai Y, Lydia A,
Fukuda H, Tanaka E, Shibata T, Takahara H, Hidaka T, Asanuma E,
Kominami E, Ueno T, Tomino Y: Dendrin location in podocytes is as-
sociated with disease progression in animal and human glomerulop-
athy. Am J Nephrol 33: 537-549, 2011

Dunér F, Lindstrém K, Hultenby K, Hulkko J, Patrakka J, Tryggvason K,
Haraldsson B, Wernerson A, Pettersson E: Permeability, ultrastructural
changes, and distribution of novel proteins in the glomerular barrier in
early puromycin aminonucleoside nephrosis. Nephron Exp Nephrol
116: e42-e52, 2010

Weins A, Wong JS, Basgen JM, Gupta R, Daehn |, Casagrande L,
Lessman D, Schwartzman M, Meliambro K, Patrakka J, Shaw A,
Tryggvason K, He JC, Nicholas SB, Mundel P, Campbell KN: Dendrin
ablation prolongs life span by delaying kidney failure. Am J Pathol 185:
2143-2157, 2015

Shankland SJ: The podocyte’s response to injury: Role in proteinuria
and glomerulosclerosis. Kidney Int 69: 2131-2147, 2006

Journal of the American Society of Nephrology

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Campbell KN, Wong JS, Gupta R, Asanuma K, Sudol M, He JC,
Mundel P: Yes-associated protein (YAP) promotes cell survival by
inhibiting proapoptotic dendrin signaling. J Biol Chem 288: 17057-
17062, 2013

Kawata A, lida J, lkeda M, Sato Y, Mori H, Kansaku A, Sumita K, Fujiwara
N, Rokukawa C, Hamano M, Hirabayashi S, Hata Y: CIN85 is localized at
synapses and forms a complex with S-SCAM via dendrin. J Biochem
139: 931-939, 2006

Yaddanapudi'S, Altintas MM, Kistler AD, Fernandez |, Méller CC, Wei C,
Peev V, Flesche JB, Forst AL, Li J, Patrakka J, Xiao Z, Grahammer F,
Schiffer M, Lohmiiller T, Reinheckel T, Gu C, Huber TB, Ju W, Bitzer M,
Rastaldi MP, Ruiz P, Tryggvason K, Shaw AS, Faul C, Sever S, Reiser J:
CD2AP in mouse and human podocytes controls a proteolytic program
that regulates cytoskeletal structure and cellular survival. J Clin Invest
121: 3965-3980, 2011

Asanuma K, Kim K, Oh J, Giardino L, Chabanis S, Faul C, Reiser J,
Mundel P: Synaptopodin regulates the actin-bundling activity of alpha-
actinin in an isoform-specific manner. J Clin Invest 115: 1188-1198,
2005

Harita Y, Kurihara H, Kosako H, Tezuka T, Sekine T, Igarashi T, Hattori
S: Neph1, a component of the kidney slit diaphragm, is tyrosine-
phosphorylated by the Src family tyrosine kinase and modulates
intracellular signaling by binding to Grb2. J Biol Chem 283: 9177~
9186, 2008

Gao B, Lee SM, Fang D: The tyrosine kinase c-Abl protects c-Jun from
ubiquitination-mediated degradation in T cells. J Biol Chem 281:
29711-29718, 2006

Kuratomi G, Komuro A, Goto K, Shinozaki M, Miyazawa K, Miyazono
K, Imamura T: NEDD4-2 (neural precursor cell expressed, de-
velopmentally down-regulated 4-2) negatively regulates TGF-beta
(transforming growth factor-beta) signalling by inducing ubiquitin-
mediated degradation of Smad2 and TGF-beta type | receptor.
Biochem J 386: 461-470, 2005

Aoudijit L, Jiang R, Lee TH, New LA, Jones N, Takano T: Podocyte
protein, nephrin, is a substrate of protein tyrosine phosphatase 1B.
J Signal Transduct 2011: 376543, 2011

Kohda T, Okada S, Hayashi A, Kanzaki S, Ninomiya Y, Taki M, Sado Y:
High nephritogenicity of monoclonal antibodies belonging to IgG2a
and 1gG2b subclasses in rat anti-GBM nephritis. Kidney Int 66: 177-
186, 2004

Ciani L, Patel A, Allen ND, ffrench-Constant C: Mice lacking the giant
protocadherin mFAT1 exhibit renal slit junction abnormalities and a
partially penetrant cyclopia and anophthalmia phenotype. Mol Cell
Biol 23: 3575-3582, 2003

Gee HY, Sadowski CE, Aggarwal PK, Porath JD, Yakulov TA, Schueler
M, Lovric S, Ashraf S, Braun DA, Halbritter J, Fang H, Airik R, Vega-
Warner V, Cho KJ, Chan TA, Morris LG, ffrench-Constant C, Allen N,
McNeill H, Biischer R, Kyrieleis H, Wallot M, Gaspert A, Kistler T, Milford
DV, Saleem MA, Keng WT, Alexander Sl, Valentini RP, Licht C, Teh JC,
Bogdanovic R, Koziell A, Bierzynska A, Soliman NA, Otto EA, Lifton RP,
Holzman LB, Sibinga NE, Walz G, Tufro A, Hildebrandt F: FAT1 muta-
tions cause a glomerulotubular nephropathy. Nat Commun 7: 10822,
2016

Babayeva S, Zilber Y, Torban E: Planar cell polarity pathway regulates
actin rearrangement, cell shape, motility, and nephrin distribution in
podocytes. Am J Physiol Renal Physiol 300: F549-F560, 2011
Doyonnas R, Kershaw DB, Duhme C, Merkens H, Chelliah S, Graf T,
McNagny KM: Anuria, omphalocele, and perinatal lethality in mice
lacking the CD34-related protein podocalyxin. J Exp Med 194: 13-27,
2001

Moeller MJ, Sanden SK, Soofi A, Wiggins RC, Holzman LB: Podocyte-
specific expression of cre recombinase in transgenic mice. Genesis 35:
39-42, 2003

Sherman MY, Goldberg AL: Cellular defenses against unfolded
proteins: A cell biologist thinks about neurodegenerative diseases.
Neuron 29: 15-32, 2001

J Am Soc Nephrol 28: 2654-2669, 2017



31.

32.

33.

34.

35.

Dantuma NP, Lindsten K: Stressing the ubiquitin-proteasome system.
Cardiovasc Res 85: 263-271, 2010

Asanuma K, Yanagida-Asanuma E, Faul C, Tomino Y, Kim K, Mundel P:
Synaptopodin orchestrates actin organization and cell motility via
regulation of RhoA signalling. Nat Cell Biol 8: 485-491, 2006

Buvall L, Rashmi P, Lopez-Rivera E, Andreeva S, Weins A, Wallentin H,
Greka A, Mundel P: Proteasomal degradation of Nck1 but not Nck2
regulates RhoA activation and actin dynamics. Nat Commun 4: 2863,
2013

Cybulsky AV, Takano T, Papillon J, Bijian K, Guillemette J, Kennedy CR:
Glomerular epithelial cell injury associated with mutant alpha-actinin-4.
Am J Physiol Renal Physiol 297: F987-F995, 2009

Bierzynska A, Soderquest K, Dean P, Colby E, Rollason R, Jones C,
Inward CD, McCarthy HJ, Simpson MA, Lord GM, Williams M, Welsh Gl,
Koziell AB, Saleem MA; NephroS, the UK study of Nephrotic Syn-
drome: MAGI2 mutations cause congenital nephrotic syndrome [pub-
lished online ahead of print December 8, 2016]. J Am Soc Nephrol
doi:10.1681/ASN.2016040387

J Am Soc Nephrol 28: 2654-2669, 2017

36.

37.

38.

www.jasn.org | BASIC RESEARCH

Yamamoto-Nonaka K, Koike M, Asanuma K, Takagi M, Oliva Trejo JA,
Seki T, Hidaka T, Ichimura K, Sakai T, Tada N, Ueno T, Uchiyama Y,
Tomino Y: Cathepsin D in podocytes is important in the pathogenesis
of proteinuria and CKD. J Am Soc Nephrol 27: 2685-2700, 2016
Ishizaka M, Gohda T, Takagi M, Omote K, Sonoda Y, Oliva Trejo JA,
Asao R, Hidaka T, Asanuma K, Horikoshi S, Tomino Y: Podocyte-specific
deletion of Rac1 leads to aggravation of renal injury in STZ-induced
diabetic mice. Biochem Biophys Res Commun 467: 549-555, 2015
Yanagida-Asanuma E, Asanuma K, Kim K, Donnelly M, Young Choi H,
Hyung Chang J, Suetsugu S, Tomino Y, Takenawa T, Faul C, Mundel P:
Synaptopodin protects against proteinuria by disrupting Cdc42:IRSp53:
Mena signaling complexes in kidney podocytes. Am J Pathol 171: 415—
427, 2007

This article contains supplemental material online at http://jasn.asnjournals.
org/lookup/suppl/doi:10.1681/ASN.2016121356/-/DCSupplemental.

MAGI-2 Is Required for Podocyte Homeostasis 2669


http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2016121356/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2016121356/-/DCSupplemental

