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Focal segmental glomerulosclerosis (FSGS) is a leading cause
of nephrotic syndrome and end-stage renal disease worldwide.
Although the mechanisms underlying this important disease are
poorly understood, the glomerular podocyte clearly plays a cen-
tral role in disease pathogenesis. In the current work, we dem-
onstrate that the homophilic adhesion molecule sidekick-1
(sdk-1) is up-regulated in podocytes in FSGS both in rodent
models and in human kidney biopsy samples. Transgenic mice
that have podocyte-specific overexpression of sdk-1 develop
gradually progressive heavy proteinuria and severe FSGS. We
also show that sdk-1 associates with the slit diaphragm linker
protein MAGI-1, which is already known to interact with several
critical podocyte proteins including synaptopodin, a-actinin-4,
nephrin, JAM4, and f-catenin. This interaction is mediated
through a direct interaction between the carboxyl terminus of
sdk-1 and specific PDZ domains of MAGI-1. In vitro expression
of sdk-1 enables a dramatic recruitment of MAGI-1 to the cell
membrane. Furthermore, a truncated version of sdk-1 that is
unable to bind to MAGI-1 does not induce podocyte dysfunc-
tion when overexpressed. We conclude that the up-regulation of
sdk-1 in podocytes is an important pathogenic factor in FSGS
and that the mechanism involves disruption of the actin
cytoskeleton possibly via alterations in MAGI-1 function.

Focal segmental glomerulosclerosis (FSGS)? is an important
cause of end-stage renal disease worldwide, accounting for ~20%
of all dialysis patients (1). In fact, the frequency of this disease has
dramatically increased over the last 20 years, making it the most
common cause of primary nephrotic syndrome in adults (1). Mul-
tiple cohort studies show progression to end-stage renal disease in
50-70% of cases at 10 years, giving FSGS one of the worst prog-
noses among primary glomerular diseases (2, 3).
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The diagnosis of FSGS is based on the clinical findings of
proteinuria and specific histopathological changes that include
glomerular sclerosis, glomerular tuft collapse, and synechia for-
mation. In the early stages, these changes are both focal, affect-
ing a subset of glomeruli, and segmental, involving a portion of
the glomerular tuft. Although the idiopathic form of FSGS is
the most common, secondary FSGS occurs in association with
other underlying conditions including HIV-associated ne-
phropathy (HIVAN), among others.

Although the pathogenic mechanisms underlying this dis-
ease are poorly understood, the podocyte, the visceral epithelial
cell of the glomerulus, plays a central role. Multiple genetic
studies using both human and murine models demonstrate that
the development of FSGS is initiated by podocyte dysfunction
(4). In humans, mutations in the podocyte-specific genes neph-
rin (5), podocin (6), a-actinin-4 (7), TRPC6 (8, 9), and others all
disrupt podocyte function, leading to inherited forms of FSGS.
Two recent landmark studies showed a strong association of
non-coding variants in the podocyte-expressed gene myh9 with
susceptibility to HIVAN and FSGS (10, 11), suggesting an
important connection with the genetic predisposition of Afri-
can-Americans to developing nephropathy and confirming the
central role of podocyte genetics to many forms of renal failure.

Sidekick was first described in Drosophila melanogaster as a
critical determinant of cell fate in retinal photoreceptors (12).
Later, sidekick-1 (sdk-I) and its ortholog sidekick-2 (sdk-2)
were found to localize to the neurological synapse and to func-
tion as guidance molecules targeting synapses to specific layers
(13, 14). sdk-1 and sdk-2 each consist of a large extracellular
domain containing six Ig motifs followed by 13 fibronectin type
III repeats, a single transmembrane domain, and a short cyto-
plasmic tail containing a highly conserved PDZ binding domain
at its carboxyl terminus. sdk-1 and sdk-2 function as homo-
philic adhesion molecules such that cells expressing sdk-1 or
sdk-2 strongly prefer to interact exclusively with cells express-
ing the same sidekick isoform (13, 15).

We identified sdk-1 as being massively overexpressed in
podocytes in HIVAN (16, 17) and reported that this up-regula-
tion was a maladaptive response resulting in increased intercel-
lular adhesion and loss of cytoskeletal integrity (17). In the cur-
rent work, we first demonstrate that sdk-1 up-regulation in
podocytes also occurs in idiopathic FSGS. We then validate the
physiological relevance of this up-regulation by generating
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novel transgenic mice that develop
severe FSGS when sdk-1 is ex-
pressed specifically in podocytes.
Next, we begin to dissect the mech-
anisms by which sdk-1 up-regula-
tion contributes to disease. We
show that sdk-1 directly interacts
with the podocyte linker protein
MAGI-1 and that this interaction is
necessary for sdk-1 overexpression
to induce podocyte dysfunction.
MAGUK with inverted domain
structure-1 (MAGI-1) is localized
specifically at the slit diaphragm in
podocytes and is composed of one
guanylate kinase, two WW do-
mains, and six PDZ domains (18,
19). MAGI-1 is a linker protein that
directly interacts with other critical
podocyte proteins including a-
actinin-4, synaptopodin, nephrin,
JAM4, and B-catenin and is linked
to the actin cytoskeleton through
these proteins (20-23). We con-
clude that the up-regulation of
sdk-1 in podocytes is an important
pathogenic factor in the develop-
ment of FSGS and that the mech-
anism involves alterations in the
actin cytoskeleton possibly medi-
ated by changes in MAGI-1
scaffolding.

EXPERIMENTAL PROCEDURES

Human Kidney—Samples were
collected under an approved insti-
tutional review board protocol from
archived kidney biopsies at Colum-
bia Presbyterian Medical Center.
Cases with confirmed FSGS were
used for analysis.

Murine Podocyte Cell Lines—
Conditionally immortalized mouse
podocytes were propagated and dif-
ferentiated as described previously
(41). Puromycin aminonucleoside
(PAN) (Sigma-Aldrich) was added
to the medium of differentiated
podocytes at a concentration of 100
pg/ml for 48 h prior to RNA and
protein extraction.

Quantitative PCR—Quantitative
PCR was done using SYBR Green kit
(Qiagen) per the manufacturer’s
protocol. Two sets of primers each
spanning different introns were
used, and the results were averaged.
The primer pairs were: i) 5'-
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TCAAGGAGAAGTCGGTGGAT-3" and 5'-GCCGCTTC-
CAAGAGTTGTAG-3' and ii) 5'-AACGGTCTTCTGCAAG-
GCTA-3' and 5'-TGTTCACGGTCTTGAAGCTG-3".
Transgenic Animals—Full-length sdk-1 ¢cDNA was cloned
into the vector pCCALL2-IRES-EGFP (gift of Dr. Susan Quag-
gin) and then linearized with Sca-I. The Mount Sinai Mouse
Genetics Core Facility performed pronuclear injections to
generate three FVB/N founders, two of which passed the trans-
gene to subsequent progeny. Each line was bred to FVB/N
podocin-Cre transgenic mice to generate double transgenic
mice. The cre transgene was detected by PCR using the primers
5'-ATGTCCAATTTACTGACCG-3' and 5'-CGCCGCATA-
ACCAGTGAAC-3'. The PCCALL2 transgene was detected
using primers that amplify a 500-bp portion of green fluo-
rescent protein: 5'-AAGCTGACCCTGAAGTTCATCTG-3'
and 5'-AACTCCAGCAGGACCATGTGATC-3'. Histological
analysis was done using formalin-fixed paraffin-embedded sec-
tions stained with periodic acid-Schiff. We performed electron
microscopy on glutaraldehyde-fixed, epoxy-embedded tissue
samples (JEOL 1010 electron microscope). Albuminuria was
measured monthly using urine dipsticks. Mice were considered
proteinuric for a dipstick reading of 2+ or greater that persisted
for 2 consecutive months or if a mouse spontaneously expired
after a single positive reading. Urine albumin and creatinine
were measured in the chemistry laboratories of Mount Sinai
Hospital via the Roche Diagnostics U/CSF protein (end point
assay) method and the automated Jaffe method, respectively.
Antibodies and Immunostaining—Peptide antibodies di-
rected to the human sdk-1 C-terminal epitope GPGARTPLT-
GFSSEV were produced in rabbit (Open Biosystems). This
epitope differs from the murine version by a single peptide.
Specificity of the antiserum was confirmed by Western blotting
on lysates of 293T cells transfected (Effectene, Qiagen) with
mouse sdk-1 or sdk-2 expression plasmids. Specificity was con-
firmed by doing immunostaining after preincubating the anti-
serum with excess immunizing peptide (0.5 mg/ml). Other pri-
mary antibodies used include: sdk-1 (antibody number 3534) as
described previously (17), Ki-67 (Vector Laboratories), and
synaptopodin (gift of Dr. Peter Mundel). PAN nephrosis in rats
was induced, and immunofluorescence was done on frozen sec-
tions as described previously (22).
Immunoprecipitation—FLAG-sdkl and FLAG-sdk-1-C-del
expression plasmids were generated by PCR amplifying the
intracellular (including the transmembrane domain) portion of
sdk-1 and then subcloning the products into pFLAG-CMV-2
(Sigma-Aldrich). For FLAG-sdk-1-C-del, a stop codon was
added to the antisense primer. The sense primer for both
constructs was 5'-ACGAATTCAGTGTCAGCACAAGCT-
GAAGCC-3', the antisense primer for FLAG-sdk-1 was 5'-

sdk-1 Induction in Podocytes Induces FSGS

GAGGATCCATGTCACACGAAGGAGGAGAA-3’, and the
antisense primer for FLAG-sdk-1-C-del was 5'-GAGGATC-
CTCAGCCAGCTGGTGTGTAGACTCCGCC-3'. PCR prod-
ucts and pFLAG-CMV-2 were digested with BamHI and EcoRI
and then ligated. Positive clones were confirmed by direct
sequencing.

293T cells were transfected with either FLAG-sdkI or FLAG-
sdk-1-C-del. Total protein lysates were incubated with anti-
FLAG M2 agarose (Sigma-Aldrich). Agarose beads were
washed and then incubated with differentiated podocyte lysate
overnight. Bound proteins were analyzed by Western blotting
using anti-MAGI-1 antibody (Sigma-Aldrich).

Myc-tagged MAGI-1 constructs were previously described
(22). To do pull downs, 293T cells were transfected with each
Myc-MAGI construct. Lysates were added to anti-FLAG M2
beads that had been bound to FLAG-sdkI or FLAG-sdk-1-C-
del protein and then incubated overnight. Precipitates were
analyzed by Western blot using rabbit anti-Myc antibody
(Sigma-Aldrich).

GST-MAGI-1 (PDZ1, PDZ4, PDZ5) constructs were previ-
ously described (20). Bacterial transformants for each plasmid
were generated in BL21 codon plus cells (Amersham Bio-
sciences). After induction with 0.5 mm isopropyl-1-thio-B3-p-
galactopyranoside, bacterial lysates were incubated with gluta-
thione-Sepharose beads. 293T cellular lysates containing either
FLAG-sdk-1 or FLAG-sdk-1-C-del proteins were added to the
washed beads. The next day, bound proteins were released by
boiling and then analyzed by Western blot using M2
anti-FLAG.

Glomerular isolation was performed using serial sieving of
180-, 106-, and 71-um diameter. Glomerular lysates from 12
kidneys were collected and pooled for each group. To do immu-
noprecipitation, lysates were incubated with either anti-sdk-1
(antibody number 3534) (17) or normal rabbit serum fixed on
protein A-agarose. After washing, precipitates were analyzed
by Western blotting for MAGI-1.

sdk-1 Expression Plasmids and Stable Podocyte Transfectants—
An sdk-1 expression plasmid that codes for a truncated sdk-1
protein lacking its C-terminal four amino acids (ASSFV)
was generated using a PCR-based protocol. The plasmid
pcDNA3.1/sdk-1 was digested with Hpal and Dral, and the
1.75-kb fragment was subcloned into the Smal site of PGEM3Z.
The mutagenic primers, 5'-CTACCCTGATGGAGGCGTGA-
TGTCAGAAGCCGGTGAGGGGGGCCCGGGCT-3" and 5'-
AGCCCGGGCCCCCCTCACCGGCTTCTGACATCACGC-
CTCCATCAGGGTAG-3', were used to amplify the entire
plasmid followed by digestion of template DNA with Dpnl.
After transformation, positive clones were confirmed to carry
the desired mutation by direct sequencing. The mutagenic

FIGURE 1.sdk-1 is overexpressed in podocytes in FSGS. A, expression of sdk-1 RNA is significantly up-regulated in podocytes in cell culture when exposed to
either HIV-1 infection or PAN as determined by quantitative PCR. Massive up-regulation of sdk-7 RNA after HIV-1 infection was previously reported (16, 17). WT,
wild type. Error bars indicate S.E. B, the up-regulation of sdk-1 protein after exposure to PAN was confirmed by Western blotting. C, 293T cells transfected with
an sdk-1 expression construct were used as the positive control. C, sdk-1 protein expression was detected by immunofluorescence in podocytes in PAN-treated
rats but not in sham-injected controls. Podocyte-specific expression was confirmed by colocalization with the podocyte-specific marker vimentin. D, upper, a
novel rabbit anti-human sdk-1 antibody specifically interacts with lysate from cells transfected with an sdk-1, but not an sdk-2, expression plasmid. Lower, when
preincubated with excess immunizing peptide, this antibody showed no reactivity against human specimens. GAPDH, glyceraldehyde-3-phosphate dehydro-
genase. £, by immunohistochemistry, sdk-1 protein was detected in a podocyte distribution in kidney biopsies from two patients with idiopathic FSGS but not

in normal human kidney.
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FIGURE 2. De novo expression of sdk-1 specifically in podocytes in vivo leads to FSGS. A, double transgenic
mice (carrying both podocin-Cre and floxed sdk-1 transgenes) express sdk-1 specifically in podocytes as deter-
mined by immunostaining. B, monthly urine dipstick measurements were recorded for double transgenic (n = 22),
podocin-Cre alone (n = 5) and floxed sdk-1 alone (n = 5) mice for a total of 1 year. Double transgenic mice begin to
develop overt proteinuria at an age of 5 months as compared with single transgenic littermates that did not
become proteinuric. Mice were considered proteinuric for a dipstick reading of 2+ or greater that persisted for 2
consecutive months or if an animal expired spontaneously after a single positive reading before a second reading
could be performed. G, at 9 months of age, double transgenic mice were sacrificed, and kidneys were harvested for
routine pathology . Periodic acid-Schiff staining demonstrates protein casts and tubular protein resorption droplets
(upper left, 20X), classic FSGS lesions (upper right, 60 X), glomerulus with collapse and epithelial cell proliferation with
pseudocrescent (lower left), and a globally sclerotic glomerulus (lower right). D, electron microscopy shows severe
foot process effacement with condensation of actin filaments above the glomerular basement membrane, and focal
cytoplasmic vacuolization. E, urine albumin:creatinine ratios shows massive proteinuria in double transgenic ani-
mals as compared with single transgenic littermates. Error bars indicate S.E.

sequence was excised from the PGEM3Z vector and subcloned
in frame into pIRES-sdk-1-GFP.

To generate stable podocyte transfectants, each expression
vector was introduced into undifferentiated podocytes using
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Amaxa Nucleofection kit. Cells
were then propagated in medium
containing 400 ng/ul Geneticin.
Prior to experiments, cells were dif-
ferentiated at 37°C on collagen-
coated coverslips. Phalloidin stain-
ing was done using Alexa Fluor
phalloidin-594 according to the
manufacturer’s instructions (Mo-
lecular Probes).

Quantification of Stress Fibers—
Two blinded observers counted 200
cells/sample from randomly chosen
fields for the presence of clearly
defined, non-centrifugal, stress
fibers. The percentage of stress
fiber positive cells was calculated for
each observer and then averaged.

Statistical Analysis—Student’s
paired ¢ test was used to analyze the
difference between the groups.
Results were considered significant
at p values < 0.05.

RESULTS

sdk-1 Is Overexpressed in Podo-
cytes in FSGS—In cultured podo-
cytes, either expression of HIV-1
genes or exposure to PAN, two
widely used models of podocyte
injury and FSGS, induced signifi-
cant up-regulation of sdk-I mRNA
expression as determined by quan-
titative PCR (Fig. 14). The up-regu-
lation of sdk-1 in HIV-1 podocytes
has been confirmed previously (16,
17). Western blotting confirmed the
up-regulation of sdk-1 protein in the
setting of PAN exposure in culture
(Fig. 1B). To validate our findings in
animals, we performed double
immunofluorescent staining for
sdk-1 and the podocyte-specific
protein vimentin, comparing kid-
neys from control-injected with
PAN-injected rats. Our data
showed up-regulation of sdk-1 spe-
cifically in podocytes in PAN
nephrosis (Fig. 1C).

To evaluate the relevance to
human FSGS, we performed immu-
nohistochemistry for sdk-1 on three
human kidney biopsy samples with
confirmed idiopathic FSGS. A rab-

bit anti-human sdk-1 antibody was generated and found to spe-
cifically recognize sdk-1 on Western blotting (Fig. 1D). Prein-
cubating the antiserum with excess immunizing peptide
eliminated all reactivity on immunohistochemistry (Fig. 1D).
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Using this antibody, sdk-1 expression was detected in a podo-
cyte-like distribution in two of the three idiopathic FSGS biop-
sies but was almost completely absent in normal human kidney
controls (Fig. 1E). Interestingly, staining was present in non-
sclerotic as well as in some sclerotic glomeruli, suggesting that
sdk-1 up-regulation may occur prior to the development of
overt glomerulosclerosis.

Targeted Overexpression of sdk-1 in Podocytes in Transgenic
Mice Results in FSGS—To determine the in vivo consequences
of sdk-1 up-regulation, we generated novel transgenic mice that
overexpress sdk-1 specifically in podocytes. The transgene con-
tains lox-P sites flanking spacer DNA, which separates the
B-actin promoter from sdk-1. In the presence of cre recombi-
nase, the spacer DNA is removed, bringing sdk-1 near a strong
promoter. We bred our floxed mice to mice bearing a transgene
containing cre recombinase under the podocyte-specific podo-
cin promoter. These double transgenic animals demonstrate
strong expression of sdk-1 specifically in glomeruli in a clear
podocyte distribution (Fig. 24), whereas single transgenic lit-
termates showed little if any sdk-1 expression (not shown).

Most double transgenic mice develop massive proteinuria at
between 5 and 10 months of age (Fig. 2B) as compared with
single transgenic littermates that did not develop proteinuria.
Pathology shows FSGS with 5-50% of glomeruli affected (Fig.
2C). This phenotype is similar in each of two founding lines,
verifying that the phenotype is unrelated to the chromosomal
location of transgene insertion. The majority of affected glo-
meruli showed classic FSGS lesions with apparent podocyte
loss and synechia formation (Fig. 2C, upper right). A smaller
number of glomeruli showed podocyte hypertrophy surround-
ing areas of scar with evidence of glomerular epithelial cell pro-
liferation and pseudocrescent formation (Fig. 2C, lower left), a
phenotype highly reminiscent of collapsing FSGS including
HIVAN. Electron microscopy showed severe foot process
effacement and condensation of actin filaments forming a
cytoskeletal mat above the glomerular basement membrane, as
well as focal intracytoplasmic vacuoles and transport vesicles
(Fig. 2D). Urine albumin:creatinine ratios confirmed massive
proteinuria in double transgenic animals as compared with sin-
gle transgenic littermates at 9 months of age (Fig. 2E). Mice did
not develop renal failure as determined by measurement of
blood urea nitrogen and creatinine concentrations but did
demonstrate a reduced survival after the onset of nephrotic
range proteinuria, with most affected animals dying by 14
months of age.

Expression of the podocyte differentiation marker synap-
topodin was lost in areas of scar within affected glomeruli (Fig.
3A). This focal loss is most consistent with idiopathic FSGS,
whereas collapsing FSGS would typically show global loss of
synaptopodin within an affected glomerulus (24). Interestingly,
Ki-67 was strongly expressed both within proliferating glomer-
ular epithelial cells making up a pseudocrescent and in podo-
cytes within the glomerular tuft (Fig. 3B). These features com-
bine characteristics of FSGS (focal loss of synaptopodin) with
those of collapsing glomerulopathy (increased epithelial cell
proliferation).

sdk-1 Interacts with the Slit Diaphragm Protein MAGI-1—
sdk-1 and sdk-2 contain highly conserved PDZ binding
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FIGURE 3. Podocyte-specific expression of sdk-1 in transgenic mice
induces FSGS that has elements of both idiopathic and collapsing types.
A, synaptopodin (Synpo) expression is focally lost in sclerotic glomeruli but is
preserved in unaffected areas. PAS, periodic acid-Schiff. B, high levels of Ki-67
expression were seen in cells making up a pseudocrescent (upper panel) and
in podocytes within the glomerular tuft (lower panel; arrowhead identifies a
podocyte).

domains at their carboxyl termini. Previously, yeast two-hybrid
screening identified MAGI-1 as a potential ligand for sdk-2
(25). Because sdk-1 and sdk-2 contain identical PDZ binding
domains, we anticipated that they would have similar binding
specificities.

To confirm an interaction between sdk-1 and MAGI-1, we
generated expression constructs for both FLAG-tagged sdk-1
and a truncated FLAG-tagged sdk-1 (FLAG-sdk-1-C-del) that
lacks its 14 carboxyl-terminal amino acids. We used these
FLAG-tagged proteins as bait to do pull downs from podocyte
cellular lysate (Fig. 44). The three splice variants of MAGI-1 all
interact with full-length sdk-1, but none interact with the trun-
cated version. This implies a specific interaction between sdk-1
and at least one of the PDZ domains of MAGI-1.

To confirm this interaction in vivo, we extracted glomerular
lysates from proteinuric sdk-1 double transgenic mice and from
age-matched controls using successive glomerular sieving. We
precipitated MAGI-1 from double transgenic glomerular lysate
using an anti-sdk-1 antibody as bait but not when using control
IgG as bait (Fig. 4B). MAGI-1 could not be precipitated from
wild-type glomerular lysate when using either anti-sdk-1 anti-
bodies or control IgG as bait. These experiments suggest an in
vivo interaction between sdk-1 and MAGI-1 in our FSGS mouse
model.

To determine whether expression of sdk-1 could alter the
localization of MAGI-1 protein, we performed cotransfection
experiments in HEK293T cells (Fig. 4C). When Myc-MAGI-1
was expressed alone, it appeared exclusively in the cytoplasm
(26). However, in cells expressing both Myc-MAGI-1 and full-
length sdk-1, there was a dramatic recruitment of Myc-
MAGI-1 to the membrane where the two proteins colocalized
especially at sites of intercellular contact. We also generated an
sdk-1 expression vector that produces a truncated version of
sdk-1 that lacks its last four amino acids (ASSFV). When ASSFV
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FIGURE 4. MAGI-1 directly interacts with sdk-1. A, all splice variants of MAGI-1 were precipitated from podo-
cyte cellular lysate using a full-length FLAG-sdk-1 protein as bait, but not with a truncated version that lacks its
PDZ binding domain. IP, immunoprecipitation; /B, immunoblotting. B, MAGI-1 was endogenously precipitated
from double transgenic mouse glomerular protein lysate using an anti-sdk-1 antibody but not when using
control 1gG. C, Myc-MAGI localizes to the cytoplasm of transfected 293T cells when expressed alone (left).
However, when Myc-MAGI-1 is co-expressed with full-length sdk-1, there is a dramatic recruitment of MAGI-I
protein to the membrane, where it colocalizes with sdk-1 particularly at sites of intercellular contact. However,
when Myc-MAGI-1 and a truncated sdk-1 that lacks its PDZ binding domain are co-expressed, Myc-MAG-I
remains primarily cytoplasmic (with clear exclusion of the nuclear compartment), whereas sdk-1 is still in the
membrane. DAPI, 4',6-diamidino-2-phenylindole. D, various Myc-tagged MAGI proteins were expressed in
293T cells. Full contains all domains of MAGI including all six PDZ domains (schematic shown in top panel); Il
contains PDZ0 and glucokinase (GK); /Il contains two WW domains and PDZ1; IV contains PDZ2 and PDZ3; and
V contains PDZ4 and PDZ5 (described in Ref. 22). Lysates were incubated with FLAG beads that had been
bound to either FLAG-sdk-1-Full (F) or FLAG-sdk-1-Delete (A) that lacks its C terminus, and pulldowns were
performed with Western blotting for Myc (lower left). GST fusion proteins encoding individual PDZ domains of
MAGI-1 (PDZ1, PDZ4, and PDZ5 (described in Ref. 20)) were expressed in bacteria, and lysates were bound to
glutathione-Sepharose beads. Lysates containing FLAG-sdk-1-Full and FLAG-sdk-1-Delete proteins were
added to the beads, and pulldown assays were performed with Western blotting for FLAG (lower right). These
results suggest that sdk-1 binds to PDZ1, PDZ4, and PDZ5 of MAGI-1 but that, unlike for PDZ4 and PDZ5, PDZ1
as a single domain is not sufficient to mediate the interaction.

was expressed with Myc-MAGI-1 in 293T cells, MAGI-1
remained cytoplasmic with clear exclusion of the nuclear com-
partment, whereas the localization of sdk-1 did not change sig-
nificantly. Overall, this supports the specificity of the interac-
tion between sdk-1 and MAGI-1 and suggests that sdk-1
expression can alter the cellular localization of MAGI-1.
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sdk-1 Binds to PDZ1, PDZ4, and
PDZ5 of MAGI-1—To identify the
specific domain of MAGI-1 respon-
sible for sdk-1 binding, we used
FLAG-sdk-1and FLAG-sdk-1-C-del
as bait to pull down various Myc-
tagged MAGI-1 constructs that
were previously described (22). The
Myc-tagged MAGI-1 constructs
were as follows. Full contained full-
length MAGI-1 including all six
PDZ domains (schematic shown in
Fig. 4D, top), II carried PDZ0 and
the glucokinase domain, /II carried
the two WW domains and PDZ1, IV
contained PDZ2 and PDZ3, and V
carried PDZ4 and PDZ5. Full-
length Myc-MAGI-1, Myc-MAGI-
1 III, and Myc-MAGI-1 V were pre-
cipitated by FLAG-sdk-1 full,
implying that PDZ0, PDZ2, and
PDZ3 were not responsible for the
interaction with sdk-1 (Fig. 4D,
lower left).

To further define the responsible
domains, we performed pulldown
assays using GST fusion proteins
containing the implicated individ-
ual PDZ domains of MAGI-1
(PDZ1, PDZ4, PDZ5) (20). Lysates
of 293T «cells expressing either
FLAG-sdk-1 or FLAG-sdk-1-C-del
were incubated with individual
GST-MAGI-1 constructs that were
immobilized on glutathione-Sepha-
rose beads. MAGI-1 PDZ4, and
PDZ5 but not PDZ1 or GST alone,
interacted with FLAG-sdk-1 (Fig.
4D, lower right). None of them
interacted with FLAG-sdk-1-C-del.
The fact that PDZ1 did not bind to
sdk-1 in the GST pulldown assay
suggests that the sequence up-
stream of PDZ1, possibly including
all or part of the WW domains, is
required for binding.

A Truncated Version of sdk-1
That Is Unable to Bind to MAGI-1
Does Not Induce Podocyte Dys-
function—Previously, we reported
that podocytes stably transfected with
a full-length sdk-1 expression con-

struct displayed a simplified cell shape and loss of normal actin
cytoskeletal structure characterized by a centrifugal distribu-
tion of actin filaments (17). To identify the relevance of the
interaction between sdk-1 and MAGI-1, we generated a stably
transfected podocyte cell line that expresses a truncated version
of sdk-1 that lacks its PDZ binding domain and is unable to bind
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FIGURE 5. A truncated version of sdk-1 that is unable to bind to MAGI-1 does not induce podocyte
dysfunction when overexpressed. A, as shown in the schematic representation, sdk-1 ASSFV is identical to
full-length sdk-1 except for a deletion of its last four amino acids. B, podocyte cell lines stably transfected with
full-length sdk-1 or the truncated version express similar levels of sdk-1 protein. C, podocytes stably transfected
with the full-length sdk-1 expression plasmid show dramatic loss of normal actin cytoskeletal structure char-
acterized by a centrifugal distribution of actin filaments as determined by phalloidin staining as compared with
podocytes expressing sdk-1 ASSFV. D, two blinded observers each counted from random fields the number of
cells containing substantial stress fibers throughout the entire cell (in a non-centrifugal distribution). The
percentage of positive cells was calculated per observer and then averaged (*, p < 0.01). Error bars indicate S.E.

to MAGI-1 (ASSFV, Fig. 5A). Although both podocyte cell lines
showed similar levels of sdk-1 expression (Fig. 5B), podocytes
expressing truncated sdk-1 protein were dramatically better
able to form normal stress fibers throughout the entire cell (in a
non-centrifugal pattern) as compared with podocytes express-
ing the full-length version (Fig. 5, C and D). This implies that
the ability of sdk-1 to induce podocyte dysfunction is dependent
on its ability to interact with cytoplasmic scaffolding molecules
such as MAGI-1.

DISCUSSION

In the current work, we have identified a novel mouse model
of chronic FSGS mediated by a unique cellular mechanism that
is relevant to human disease. De novo expression of sdk-1 in

AUGUST 13, 2010+VOLUME 285-NUMBER 33

Sdk-1 delta SSFV

adulthood and then progresses over
many months. This is in stark con-
trast to existing models of FSGS that
typically involve early onset pro-
teinuria with rapid progression to
kidney failure and death. These
rapidly progressive FSGS models
include knock-out models (CD2AP
(27), nephl (28), a-actinin-4 (29),
podocin (30), nephrin (31), and oth-
ers) and podocyte-specific overex-
pression models such as Notch-1
(32, 33). Overexpression of sdk-1 in
podocytes also induced changes
that are typical for the collapsing
variant of FSGS including podocyte
hyperplasia, hypertrophy, pseudo-
crescent formation, and expression
of the cell cycle marker Ki-67. Sev-
eral other mouse models of collaps-
ing glomerulopathy have been
described including: «-actinin-4
knock-in and knock-out models
(34), transgenic mice with podo-
cyte-specific overexpression of vas-
cular endothelial growth factor (35),
alterations in mitochondrial func-
tion (36), and expression of HIV
genes (37). Again, these other
FSGS models are characterized by
relatively rapid disease progres-
sion. The late onset and more
gradual disease progression evi-
dent in the sdk-1 transgenic model
are more consistent with the usual
clinical course of human FSGS
patients. We propose our model to
be one of the first genetic models
of chronic, slowly progressive FSGS.

We do note significant differences in the relative amounts of
observed glomerulosclerosis between animals and some differ-
ences in age of onset of proteinuria and rapidity of progression;
this is likely explained by observed differences in expression
levels of sdk-1 both between animals and even in different glo-
meruli within a given animal. The reason for these differencesis
uncertain but seems to be related to variable expression of cre
recombinase between glomeruli.

To investigate the mechanisms by which sdk-1 up-regulation
in the podocyte contributes to FSGS pathogenesis, we began to
investigate how sdk-1 interacts with other important podocyte
proteins. The cytoplasmic domains of sdk-1 and sdk-2 contain
no clear signaling domains other than a highly conserved car-
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boxyl-terminal PDZ binding domain. In fact, the six terminal
amino acids (GFSSFV) are completely conserved in all sidekicks
in all available species from Caenorhabditis elegans to humans,
suggesting that binding to this conserved domain is critical to
sidekick function. In this way, we identified the slit diaphragm
linker protein MAGI-1 as binding specifically to this conserved
motif.

The MAGI proteins, with their multiple protein-protein
interacting domains, have a large number of known binding
partners. In podocytes, for example, MAGI-1 is known to inter-
act with synaptopodin via its WW domain (21), with a-acti-
nin-4 via PDZ domain 5 (21), with nephrin via PDZ domains 2
and 3 (22),with JAM4 via PDZ domains 1 and 4 (20), and with
B-catenin via PDZ domain 5 (38). Presumably, MAGI-1 func-
tions to stabilize and organize this complex of proteins at the
slit diaphragm and to link them to the actin cytoskeleton.
Because the phenotype of MAGI-1 null mice has not yet been
reported, the importance of MAGI-1 as a stabilizing or signal-
ing molecule in the podocyte has not been fully established.
Furthermore, at this time, no human familial nephrotic syn-
drome cases have been linked to mutations in MAGI-1.

In this work, we show that the interaction between sdk-1 and
MAGI-1 is promiscuous in that three different PDZ domains of
MAGI-1 are each capable of binding to the PDZ binding
domain of sdk-1. Expression of sdk-1 was also able to change the
subcellular localization of MAGI-1 by inducing dramatic
recruitment to the cell membrane. Furthermore, a truncated
version of sdk-1 that lacks its terminal four amino acids is
unable to interact with MAGI-1 and does not induce podocyte
dysfunction when overexpressed. These data imply, but do not
definitively prove, that the interaction between the two pro-
teins is important for induction of disease. It is possible that
sdk-1 interacts with other molecules besides MAGI-1 and that
these other interactions are also important in inducing podo-
cyte dysfunction. Ongoing work is focused on clarifying these
possibilities.

The interaction between sdk-1 and MAGI-1 may also be
important to the process of neuronal synapse formation. In
brain development, both proteins are highly expressed specifi-
cally at neurological synapses, and both affect the processes of
synaptic connectivity and neuronal migration (13, 14, 26, 39,
40). sdk-2 is also important in this process, and because its PDZ
binding domain is identical to that of sdk-1, it is also likely to
interact with MAGI-1, although this has not been shown.

Collectively, our data identify a novel mouse model of
chronic FSGS that implicates the sdk-1 genetic pathway as
important to the pathogenesis of glomerular sclerosis. These
findings suggest that the up-regulation of sdk-1 by podocytes in
FSGS is a maladaptive response to injury that is independently
capable of leading to progressive podocyte dysfunction and
ultimately to glomerular sclerosis.
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