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Shp2 Associates with and Enhances Nephrin Tyrosine Phosphorylation
and Is Necessary for Foot Process Spreading in Mouse Models of
Podocyte Injury
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In most forms of glomerular diseases, loss of size selectivity by the kidney filtration barrier is associated with changes in
the morphology of podocytes. The kidney filtration barrier is comprised of the endothelial lining, the glomerular basement
membrane, and the podocyte intercellular junction, or slit diaphragm. The cell adhesion proteins nephrin and neph1 local-
ize to the slit diaphragm and transduce signals in a Src family kinase Fyn-mediated tyrosine phosphorylation-dependent
manner. Studies in cell culture suggest nephrin phosphorylation-dependent signaling events are primarily involved in reg-
ulation of actin dynamics and lamellipodium formation. Nephrin phosphorylation is a proximal event that occurs both
during development and following podocyte injury. We hypothesized that abrogation of nephrin phosphorylation follow-
ing injury would prevent nephrin-dependent actin remodeling and foot process morphological changes. Utilizing a biased
screening approach, we found nonreceptor Src homology 2 (sh2) domain-containing phosphatase Shp2 to be associated
with phosphorylated nephrin. We observed an increase in nephrin tyrosine phosphorylation in the presence of Shp2 in cell
culture studies. In the human glomerulopathies minimal-change nephrosis and membranous nephropathy, there is an in-
crease in Shp2 phosphorylation, a marker of increased Shp2 activity. Mouse podocytes lacking Shp2 do not develop foot
process spreading when subjected to podocyte injury in vivo using protamine sulfate or nephrotoxic serum (NTS). In the

NTS model, we observed a lack of foot process spreading in mouse podocytes with Shp2 deleted and smaller amounts of
proteinuria. Taken together, these results suggest that Shp2-dependent signaling events are necessary for changes in foot

process structure and function following injury.

odocytes are highly differentiated epithelial cells with mem-

brane extensions that arborize over the basement mem-
brane in a highly polarized manner. The terminal branches of
these actin-rich membrane extensions, called foot processes,
interdigitate with each other, forming specialized intercellular
junctions called slit diaphragms. Podocytes undergo flattening
of the foot processes, or effacement, in most forms of glomer-
ular diseases that present with protein leaks in the urine. Foot
process effacement correlates with failure of the filtration bar-
rier and development of proteinuria in both human diseases
and animal models of podocyte dysfunction. The strong corre-
lation between foot process morphological changes and failure
of the filtration barrier suggests that prevention or reversal of
effacement would be beneficial.

Nephrin is a transmembrane protein of the immunoglobulin
superfamily that is located at the slit diaphragm (1). Nephrin’s
ability to regulate actin dynamics in a phosphorylation-dependent
manner has been demonstrated by us and other investigators (2—
6). A critical role for nephrin is suggested by the lack of normal
foot process development in mice lacking nephrin or humans
born with nephrin mutations (7, 8). In vitro studies have shown
that engagement of the nephrin extracellular domain results in Src
family kinase Fyn-dependent tyrosine phosphorylation of the
nephrin cytoplasmic domain (6, 9, 10). Phosphorylated nephrin
then recruits the Src homology 2 (sh2) domain-containing pro-
teins Nck1/Nck2, the p85 subunit of phosphatidylinositol 3-ki-
nase (PI3K), and Crk (3-6, 11) and other components of the actin
polymerization complex (2, 3, 5, 12, 13). Mice with the Src family
kinase Fyn deleted develop proteinuria and foot process defects
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that are evident at 7 weeks of age (10, 14). Mice with Fyn and Yes
simultaneously deleted demonstrated a more severe phenotype
than those with Fyn deletion alone (10).

Beyond development, the role of nephrin in podocyte homeo-
stasis is not well understood. In vitro studies have demonstrated
increased podocyte migration following activation of nephrin (5).
Podocyte injury models using puromycin aminonucleoside and
protamine sulfate show an increase in nephrin tyrosine phosphor-
ylation (2, 3, 6), suggesting a related role of nephrin-mediated
signaling in podocyte injury/repair. Careful evaluation of the state
of nephrin phosphorylation in health and disease has been limited
by the lack of availability of phosphospecific antibodies for neph-
rin. A major obstacle in investigating the relevance of nephrin
phosphorylation following injury has been our lack of under-
standing of the molecular mechanisms that regulate nephrin
phosphorylation itself.

Received 27 October 2015 Returned for modification 16 November 2015
Accepted 24 November 2015

Accepted manuscript posted online 7 December 2015

Citation Verma R, Venkatareddy M, Kalinowski A, Patel SR, Salant DJ, Garg P. 2016.
Shp2 associates with and enhances nephrin tyrosine phosphorylation and is
necessary for foot process spreading in mouse models of podocyte injury. Mol
Cell Biol 36:596-614. doi:10.1128/MCB.00956-15.

Address correspondence to Puneet Garg, pungarg@umich.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.00956-15.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

February 2016 Volume 36 Number 4


http://dx.doi.org/10.1128/MCB.00956-15
http://dx.doi.org/10.1128/MCB.00956-15
http://dx.doi.org/10.1128/MCB.00956-15
http://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00956-15&domain=pdf&date_stamp=2015-12-7
http://mcb.asm.org

Here, we present data showing that the nonreceptor tyrosine
phosphatase Shp2 associates with nephrin in a phosphorylation-
dependent manner. Shp2, encoded by the gene PTPN11, is highly
conserved and is expressed ubiquitously. The structurally related
phosphatase Shp1, encoded by the gene PTPN6, though primarily
reported to be present in hematopoietic cells, was recently dem-
onstrated to also be expressed in podocytes (15, 16). Shp2 has two
sh2 domains, a catalytic domain, and a C terminus containing two
regulatory tyrosine sites, Y542 and Y580 (17, 18). Shp2 is essential
for development, as Shp2 mutation or deletion in mice results in
embryonic lethality (19, 20). Shp2 plays a vital role in the regula-
tion of Src kinase activity by regulating the protein complex asso-
ciated with Src kinase activation (21-24). In most receptor ty-
rosine kinase signaling events, Shp2 is required for full activation
of the signaling cascade (18, 25-27).

Given the role of Shp2 in the Src family kinase Fyn and activa-
tion and our finding that Shp2 interacts with nephrin, we hypoth-
esized that Shp2 acts proximally to nephrin tyrosine phosphory-
lation and might be necessary for regulating nephrin-dependent
actin dynamics. We observed an increase in nephrin tyrosine
phosphorylation and Src kinase activation in the presence of Shp2
in a cell culture model of nephrin ligation. Concordantly, in
mouse models of podocyte injury, nephrin tyrosine phosphoryla-
tion failed to increase in the absence of Shp2. Furthermore, dele-
tion of Shp2 in mouse podocytes results in lack of foot process
spreading in both protamine sulfate and nephrotoxic serum
(NTS) models (28) of podocyte injury. These results suggest that
Shp2-dependent signaling events are necessary for foot process
structural changes following podocyte injury.

MATERIALS AND METHODS

Antibodies. Purified rabbit polyclonal antibodies against nephrin (1) and
phosphonephrin (p-nephrin) antibodies (which recognize phosphoryla-
tion on mouse nephrin Y1191 and Y1208 residues) (6) were previously
described. Phospho-nephrin antibodies (generated against human neph-
rin Y1217 and Y1193 residues) were obtained from Epitomics (Burlin-
game, CA). Antibodies against Shp2, phospho-Shp2 (p-Shp2) (Y542 and
Y580), Src, p-Src (Y527 and Y416), and Fyn were obtained from Cell
Signaling Technologies (Danvers, MA). Anti-CD16 (clone 3G8) antibody
was obtained from BD Bioscience; rhodamine- and DyLight-conjugated
goat anti-mouse IgG were obtained from Pierce; glutathione S-transferase
(GST)—horseradish peroxidase (HRP), B-actin, synaptopodin, phospho-
tyrosine, and Flag antibodies were obtained from Sigma-Aldrich. The
50A9 antibody was a gift from K. Tryggvason (65).

Plasmids. A plasmid encoding wild-type human Shp2 was a kind gift
from Benjamin Neel (University of Toronto, Toronto, Canada) (22).
GST-tagged full-length Shp2 (GST-Shp2 FL) and GST-tagged Shp2 frag-
ments containing the N-terminal sh2 domain, the C-terminal sh2 do-
main, and tandem sh2 (both N- and C-terminal sh2 domains) were sub-
cloned with the full-length Shp2 construct as the template using standard
PCR-based cloning techniques. The CD16-hemagglutinin (HA) con-
struct was a gift from B. J. Mayer (University of Connecticut) (66). Con-
structs encoding fusion proteins consisting of the CD16 extracellular do-
main, CD7 transmembrane domain, and nephrin cytoplasmic domain
and their mutants were generated using PCR-based techniques. Restric-
tion digestion and DNA sequencing were used to confirm all construct
sequences.

Immunoprecipitation and immunoblotting. Proteins were extracted
from plasma membranes in radioimmunoprecipitation assay (RIPA) buf-
fer (phosphate-buffered saline [PBS] containing 0.1% SDS, 1% Nonidet
P-40, 0.5% sodium deoxycholate, and 100 mM potassium iodide). HALT
phosphatase and protease inhibitors were added to the RIPA buffer. Ly-
sates were sonicated with 3 or 4 bursts of 5 to 10 s using Branson sonicators
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at the lowest setting. Endogenous immunoprecipitations were performed
by extracting tissue in RIPA buffer containing 0.1% bovine serum albu-
min (BSA).

Cell culture. Transient transfections were carried out in human podo-
cyte cells (a gift from Moin Saleem, University of Bristol, United King-
dom) cultured in RPMI medium with Glutamax (Invitrogen) and supple-
mented with 10% fetal bovine serum (FBS) (Invitrogen Corp.) and 200
U/ml penicillin and streptomycin (Roche Applied Science), along with
ITS (insulin, transferrin, and selenium) (Invitrogen Corp.). Transfections
were performed using Lipofectamine 2000 (Invitrogen Corp.), Fugene
HD (Roche), and electroporation with Amaxa Nucleofactor II (Amaxa
Biosystem) According to the manufacturer’s directions.

Nephrin phosphotyrosine mapping using synthetic oligopeptides.
Oligopeptides (11- to 18-mers) with and without phosphorylation on
tyrosine residues were synthesized (Sigma Genosys; PEPScreen). The pep-
tides were dissolved according to the manufacturer’s reccommendations.
Solutions containing equimolar amounts of the peptides were made in 50
mM Tris buffer (pH 8.0). The peptides were blotted onto polyvinylidene
difluoride (PVDF) membranes using a dot blot apparatus. The mem-
branes were blocked with 5% milk solution in Tris-buffered saline with
0.1% Tween. Purified recombinant GST-Shp2 FL and GST-tagged frag-
ments of Shp2 were used to overlay PVDF membranes blotted with the
oligopeptides. The membranes were then probed using an anti-GST
monoclonal antibody (Sigma, St. Louis, MO).

BiFC experiments. The bimolecular fluorescence complementation
(BiFC) assay utilizes the ability of two nonfluorescent fragments of a fluo-
rescent protein to associate and form a fluorescent complex. We were able
to study the interaction between nephrin and Shp2 by using this principle.
T. K. Kerppola (University of Michigan) (32, 33) provided constructs that
were used to generate reagents for these experiments. Briefly, two frag-
ments corresponding to residues 1 to 154 (YN155) and 155 to 238
(YC155) were attached to the C terminus of a CD16/CD7 nephrin chi-
mera and Shp2. An HA tag was substituted for the nephrin cytoplasmic
domain for control experiments. Cells were transfected with the appro-
priate constructs and clustered using anti-CD16, followed by rhodamine-
labeled mouse IgG, as described previously (2—6). We also generated in-
dividual and compound tyrosine mutations to identify the specific
nephrin cytoplasmic domain tyrosine residues that interact with Shp2.
Human podocyte cells were transfected with CD16/CD7 chimeric con-
structs. Thirty hours following transfection, RPMI medium was removed
and replaced with fresh medium containing 1 pg/ml CD16 antibody
(clone 3G8; Beckman Coulter). The cells were maintained on ice for 1 h.
At this point, the cells were washed twice with PBS, 1 pg/ml rhodamine-
conjugated or unlabeled anti-mouse IgG (Pierce Biotechnology) was
added to the medium, and incubation was continued at 37°C for 30 min.
Cells for immunofluorescence assays were washed 3 times with PBS and
fixed with cytoskeleton buffer. The composition of the cytoskeleton buffer
stock was 10 mM 2-CN-morpholinoethanesulfonic acid, 138 mM KCI, 3
mM MgClL,, 2 mM EGTA, and sucrose to a final concentration of 0.32 M.
On the day of use, 20% paraformaldehyde was added to the cytoskeleton
buffer stock to achieve a final concentration of 4%. Coverslips were
mounted on glass slides using ProLong Gold antifade reagent (Life Tech-
nologies, NY). Samples were analyzed by fluorescence confocal micros-
copy with an Olympus FV-500 microscope using a 100X oil immersion
objective lens and Fluoview software (version TIEMPO 4.3; Olympus).
Images were processed using Adobe Photoshop software. All images were
acquired at 1,024- by 1,024-pixel resolution.

Generation of mice with podocyte-specific Shp2 deleted. Shp2-
floxed mice (a kind gift from Benjamin Neel, University of Toronto, To-
ronto, Canada) were described previously and maintained on a mixed
C57BL/6 and 129sv background (34). Shp2™ mice were crossed with Cre
mice, where Cre recombinase is driven by the podocyte-specific podocin
promoter NPHS2, as described previously (31). For experiments, Shp2//1
podocin Cre*’~ (homozygous for the floxed Shp2 allele and heterozygous
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for podocin-Cre) mice were used. For controls, littermates homozygous
for the floxed Shp2 allele but lacking podocin-Cre were used.

Mouse kidney perfusion. Perfusion of mouse kidneys with protamine
sulfate was carried out as described previously (2, 6, 35). Briefly, mice were
anesthetized with a combination of ketamine and xylazine; the core tem-
perature of the mice was monitored with a rectal probe, and the animals
were maintained at 37°C throughout the procedure using a heating pad
apparatus. Kidneys were perfused with solutions maintained at 37°C
through the abdominal aorta at a pressure of 120 mm Hg and an infusion
rate of 12 ml/min. Perfusion was carried out with Hanks balanced salt
solution (HBSS) for 2 min, followed by perfusion with protamine sulfate
(2 mg/ml in HBSS; Sigma) for 15 min. This was followed with wash out
using HBSS for 5 min. For effacement recovery, following perfusion with
protamine sulfate, mice were perfused with heparin sulfate (1 mg/ml in
HBSS; Sigma) for 15 min followed by wash out using HBSS. Glomeruli
were isolated using graded sieving as described previously (2, 3, 6). For
phosphatase inhibitor studies, mice were perfused with HBSS containing
100 mM NSC878777 (Tocris Bioscience). The University Committee on
the Use and Care of Animals Institutional Review Board at the University
of Michigan Medical School approved all animal experiments. All work
was conducted in accordance with the principles and procedures outlined
in the National Institutes of Health Guidelines for the Care and Use of
Experimental Animals.

Nephrotoxic nephritis model. The nephrotoxic nephritis experi-
ments were performed as described previously (11, 37, 38). In brief,
8-week-old Shp2"™Cre* mice and control Shp2™1r™ littermates were
injected retro-orbitally with sheep anti-rat glomerular lysate (NTS) or
sheep IgG (control) at a concentration of 1.5 mg per mouse (approxi-
mately 25-g body weight). Urine was collected at 24 and 48 h postinjec-
tion. For transmission (TEM) and scanning (SEM) electron micro-
scope analysis, mice were perfusion fixed for 24 or 48 h, as described
previously (2).

Isolation of glomeruli using magnetic beads. To isolate glomeruli,
mice were perfused through the heart with magnetic 4.5-pwm-diameter
Dynabeads (Life Technologies) at 8 X 107 dilution in PBS. The kidneys
were removed, minced into 1-mm cubes, and digested with collagenase (1
mg/ml collagenase A in 100 U/ml DNase I in HBSS) at 37°F for 30 min
with gentle agitation. The collagenase-digested tissue was gently pressed
through a 100-pm sieve using a flattened pestle. The filtered cells were
passed through a new strainer and collected. The cell suspension was
centrifuged at 200 X g for 5 min. The supernatant was discarded, and the
cell pellet was resuspended in HBSS. The Dynabead-containing glomeruli
were isolated using a magnet and washed at least three times with HBSS.
The tissue was kept over ice throughout the procedure except for the
initial incubation with collagenase. The protocol has been described in
detail by Takemoto et al. (39). This method provides a highly pure glo-
merular preparation (close to 98% purity).

Flotation gradient preparation. Glomeruli isolated from mouse kid-
neys were homogenized at 4°C with a Dounce homogenizer in a buffer
containing 250 mM sodium chloride, 5 mM EDTA, 1 mM sodium fluo-
ride, 1 mM sodium orthovanadate, 1 mM pyrophosphate, and a protease
inhibitor mixture tablet (Roche). To the homogenate, Triton X-100 was
added to a final concentration of 1% and mixed well. The mixture was
maintained on ice for 15 min prior to mixing with 60% Optiprep (Sigma)
to obtain a final density of 40%. Five milliliters of this mixture was added
to precooled centrifuge tubes and then layered with 3 ml of 30% Optiprep,
followed by 4 ml of 5% Optiprep. The Optiprep dilutions were obtained
by diluting 60% Optiprep with Tricine buffer containing 20 mM Tricine,
0.25 mM sucrose, and 1 mM EDTA. The gradient was centrifuged at
169,044 X gin a Beckman SW1Ti rotor for 3 h at 4°C. The Triton X-100-
insoluble membrane fraction (detergent-resistant membrane fractions
[DRMs]) was observed at the interface between 5% and 30% Optiprep
densities. Top-to-bottom 1-ml fractions were collected and analyzed as
indicated.
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EM and slit diaphragm frequency analysis. Preparation of mouse
kidneys for SEM and TEM were performed by standard methods. For
SEM, 20 glomeruli of each sample were analyzed with an Amray 1910 field
emission scanning electron microscope at the University of Michigan Mi-
croscope and Image Analysis core facility. For TEM, samples were exam-
ined by the Philips CM-100 transmission electron microscope at the Uni-
versity of Michigan Microscope and Image Analysis core facility. Slit
diaphragm frequency using TEM was assessed by counting the foot pro-
cess junctions per micrometer of basement membrane. Atleast 10 samples
were analyzed under each experimental condition.

Study approval. All animal studies were approved by the University
Committee on the Use and Care of Animals Institutional Review
Board at the University of Michigan School of Medicine. Deidentified
human kidney biopsy samples were obtained for immunostaining
from the Department of Pathology at the University of Michigan. Con-
trol kidney tissue was obtained from the unaffected area of tumor
nephrectomy samples.

ImageJ quantitation statistical analysis. Data are presented as means
and standard errors of the mean throughout the text unless otherwise
specified. The numbers of experiments performed are mentioned in the
figure legends. All experiments were performed at least 3 times. Image]J
software was used to quantify the density of protein bands on Western
blots. Statistical comparisons were performed using two-tailed t tests
where applicable. A P value of =0.05 was considered to represent a statis-
tically significant difference.

RESULTS

The sh2 domain-containing protein Shp2 interacts with neph-
rin in a tyrosine phosphorylation-dependent manner. To iden-
tify proteins that interact with nephrin in a tyrosine phosphoryla-
tion-dependent manner, we generated a library of His-tagged sh2
domains of sh2 domain-containing proteins. Purified recombi-
nant His-tagged proteins were blotted onto a PVDF membrane
and incubated with phosphorylated (expressed in Escherichia coli
TKB1) or unphosphorylated GST-tagged recombinant nephrin
cytoplasmic domain. Using this biased approach, we found that
Shp2 interacts with phosphorylated nephrin (data not shown).
We further confirmed the interaction between nephrin and Shp2
using a full-length GST-Shp2 fusion protein (Fig. 1A). Similar to
our findings in the initial screen, we observed interaction of full-
length Shp2 only with tyrosine-phosphorylated nephrin. Using
coimmunoprecipitation, we were also able to confirm the interac-
tion of endogenous nephrin and Shp2 in glomerular lysates
(Fig. 1B).

Nephrin and Shp2 demonstrate BiFC. To better define the
nephrin-Shp2 interaction, we used a novel method of BiFC (32,
40). Both CD16-nephrin and Shp2 were fused to complementary
fragments of a fluorescent reporter protein (yellow fluorescent
protein [YFP]) (Fig. 1C). We employed the previously described
CD16 clustering model in which CD16 is fused to the cytoplasmic
domain of nephrin (NCD) and clustering is induced with anti-
CD16 (2-6), as it provides a robust model for nephrin phosphor-
ylation-dependent signaling. We hypothesized that only a close
physical interaction of nephrin with Shp2 would bring the two
YFP fragments in proximity to reconstitute the native three-di-
mensional structure of YFP and emit a fluorescent signal. We
observed robust fluorescence when CD16NCD-YC155 (YFP-
C155, the YFP C-terminal 155 residues) was clustered in the pres-
ence of Shp2YN155 (YFP-N155, the YFP N-terminal 155 resi-
dues). In contrast, this fluorescent signal was lacking in the control
(Fig. 1C), which contains the YFP-C155 fragment only at its C
terminus and lacks the nephrin cytoplasmic domain. Mouse
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FIG 1 (A) Shp2 binds to nephrin in a tyrosine phosphorylation-dependent manner. Purified recombinant full-length-GST-tagged Shp2 was incubated with
tyrosine-phosphorylated GST-nephrin recombinant protein expressed in E. coli TKB1 or GST-nephrin expressed in E. coli BL21. Immunoprecipitation (IP) and
immunoblotting (Western blotting [WB]) were performed with the indicated antibodies. Only tyrosine-phosphorylated nephrin associated with Shp2. Tyrosine
phosphorylation of nephrin expressed in E. coli TKB1 was confirmed using phosphotyrosine antibody. Recombinant protein expression was confirmed using
Coomassie blue. (B) Shp2 interacts with nephrin in glomerular lysates. A coimmunoprecipitation experiment using glomerular lysate showed interaction
between endogenous nephrin and Shp2 (Rb IgG, rabbit IgG). (C) In vitro BiFC showing interaction of nephrin with Shp2. A construct encoding a chimeric
protein with a CD16 extracellular domain, CD7 transmembrane domain, and nephrin cytoplasmic domain fused with a C-terminal fragment of YFP (YFP-C155)
was generated. Full-length Shp2 was fused with an N-terminal fragment of YFP (YFP-N155). Following transfection in human podocytes, CD16 chimeras were
clustered by the addition of anti-CD16 antibody (primary), followed by anti-mouse IgG (secondary) conjugated with rhodamine. Close approximation of the
two YFP fragments resulted in reconstitution of the fluorescent protein and emission of green fluorescence. A CD16 construct fused with YFP-C155 lacking the
nephrin cytoplasmic domain served as a control. Original magnification, X630.

monoclonal CD16 antibody, followed by Texas Red-labeled anti-
mouse IgG, was used to cluster and visualize CD16 chimeras at the
cell membrane.

Nephrin cytoplasmic domain tyrosine residues Y1154 and
Y1172 are important for the nephrin-Shp2 interaction. A pep-
tide array screening method was used to identify tyrosine residues
in nephrin that are required for the interaction of nephrin and
Shp2. Synthetic 11- to 15-mer tyrosine-phosphorylated oligopep-
tides that overlapped each of the 10-tyrosine residues present in
the mouse nephrin cytoplasmic domain were synthesized (Sigma-
Aldrich). As controls, corresponding oligopeptides without ty-
rosine phosphorylation were used. Peptide arrays immobilized on
PVDF membranes were probed with full-length GST alone (GST),
GST-Shp2 FL, and GST-tagged N-terminal sh2 domain and C-
terminal sh2 domain (Fig. 2A). By this approach, the Shp2 N-ter-
minal sh2 domain and C-terminal sh2 domain bound to a phos-
phorylated oligopeptide spanning nephrin Y1172 and Y1154
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residues, respectively. Full-length GST-Shp2 bound to both neph-
rin Y1154 and Y1172. GST alone did not bind to the peptides and
served as a control for the GST (data not shown). We further
confirmed these findings using BiFC. Human podocytes express-
ing CD16-nephrin constructs with single or compound Y-to-F
mutations in the cytoplasmic domains fused with the C-terminal
YFP fragment (YC155) and Shp2YN155 (the N-terminal YFP
fragment) were clustered as described above. Similar to our pep-
tide array findings, nephrin Y1172F (Y4F) mutation resulted in
abrogation of the nephrin-Shp2 interaction (Fig. 2B). Despite nu-
merous attempts, we observed low expression of the CD16-
nephrin Y1154F (Y3F) construct. To circumvent this, we used
a triple Y-to-F mutation, Y1128F, Y1153F, and Y1154F (Y1,2,3F),
along with single Y1128F (Y1) and Y1153F (Y2) mutations. We
observed abrogation of the nephrin-Shp2 interaction when the
triple mutant was expressed. The single mutation involving
nephrin tyrosine residues Y1128 and Y1153 had a robust neph-
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FIG 2 (A) Mapping of nephrin tyrosine residues that interact with Shp2 using a synthetic-peptide array. Synthetic 11- to 15-mer tyrosine-phosphorylated (p)
and unphosphorylated oligopeptides that overlapped each of the 10 tyrosine residues of the nephrin cytoplasmic domain were blotted onto a PVDF membrane.
The membrane was then incubated with purified recombinant GST-tagged full-length Shp2, the Shp2 N-terminal sh2 domain, and the Shp2 C-terminal sh2
domain. Recombinant protein expression was confirmed using Coomassie blue. Immunoblotting with anti-GST antibody showed that the Shp2 N-terminal and
C-terminal sh2 domains associated with nephrin Y4 and Y3, respectively. The full-length Shp2 containing both sh2 domains associated with both nephrin Y3 and
Y4. (B) Mapping of nephrin tyrosine residues that interact with Shp2 using BiFC. CD16/CD7 chimeras with nephrin cytoplasmic domains containing tyrosine-
to-phenylalanine mutations fused with C-terminal fragments of YFP (YFP-C155) were generated. CD16 clustering experiments were performed on cells
expressinga CD16 chimeric construct and constructs encoding full-length Shp2 fused with N-terminal YFP (YFP-N155). Reconstitution of YFP was not observed
in cells expressing Y4F and Y1,2,3F. The table on the right shows the various mutations and tyrosine residue positions in mouse nephrin. Con, control that has
an HA tag; WT, wild type. Original magnification, X630.

rin-Shp2 interaction, suggesting the necessity for the Y1154
residue in nephrin-Shp2 interaction using BiFC. Tyrosine-
to-phenylalanine mutations of other nephrin cytoplasmic do-
main tyrosine residues did not affect the nephrin-Shp2 inter-
action.

There is an increase in nephrin phosphorylation in the pres-
ence of Shp2. We used the CD16 clustering model to assess the
state of nephrin phosphorylation in the presence of Shp2. We
observed a robust increase in the intensity of nephrin phosphor-
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ylation on Y1191 and Y1208 residues when Shp2 was transfected
(Fig. 3A) compared to cells that expressed CD16-nephrin alone.
Nephrin phosphorylation was apparent within 5 min following
clustering and was higher at all time points when Shp2 was pres-
ent. Review of the literature revealed a prominent role of Shp2 in
activation of Src family kinase activity (22, 24, 29). Src family
kinases (Fyn, Yes, Lyn, etc.) and Shp2 have similar mechanisms of
activation following a proximal signaling event. In its inactive
state, phosphorylation on Fyn’s C-terminal Y527 results in a
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FIG 3 (A) There is enhanced nephrin tyrosine phosphorylation in the presence of Shp2. Cells expressing CD16/CD7/NCD and the indicated plasmids were
clustered as described previously. The cells were lysed in RIPA buffer and sonicated at different time points. The lysates were resolved using SDS-PAGE, and the
blots were probed with the indicated antibodies. There was enhanced nephrin phosphorylation in the presence of Shp2. At the same time, there was an increase
in p-Src (Y416) and p-Shp2 Y542 phosphorylation. (B) Quantification of nephrin phosphorylation following CD16-nephrin clustering in the presence and
absence of Shp2. In the presence of Shp2, there was a 3-fold increase in nephrin phosphorylation at the 15- and 30-min time points. The data are mean values and
standard errors of the mean. *, P < 0.001 using a two-tailed ¢ test. (C) Schematic of Src kinase regulation by Shp2. All Src kinases, including Fyn, have two
regulatory tyrosines, Y416 and Y527. In their basal inactive state, Src kinases are phosphorylated on Y527, resulting in a closed configuration, which hides the
kinase domain. Dephosphorylation of Y527 results in unfolding of the tertiary structure of Src kinase, autophosphorylation of Y416 in the kinase domain, and
activation of the kinase enzymatic activity. We incorporated the nephrin tyrosine residues (Y1154 and Y1172) identified by us as essential for nephrin-Shp2
interaction. Furthermore, phosphorylation of two tyrosine residues on the C terminus of Shp2, Y542 and Y580, resulted in similar unfolding of the tertiary
structure of Shp2, thus making its phosphatase domain available for enzymatic activity.
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closed configuration, which hides the kinase domain (Fig. 3C)
(24). Dephosphorylation of Y527 results in unfolding of the ter-
tiary structure of Fyn, leading to autophosphorylation of Y416 in
its kinase domain and activation of Fyn. Similarly, phosphoryla-
tion of Shp2 Y542 interacts intramolecularly with the N-terminal
sh2 domain to relieve basal inhibition of the phosphatase, whereas
phosphorylation at Y580 stimulates the PTPase activity by inter-
action with the C-terminal sh2 domain (18, 29). In the CD16
model system, following clustering, we observed a simultaneous
decrease in Src Y527 phosphorylation and an increase in Src Y416
autophosphorylation (Fig. 3A). Src Y416 and Y527 antibodies
cross-react with other members of the Src family kinases, includ-
ing Fyn and Yes, at equivalent sites. Changes in Src Y416 and Y527
phosphorylation represent changes in phosphorylation at Y416
and Y527 of multiple members of Src family kinases, including
Fyn. The Src kinase Fyn has been shown to be primarily responsi-
ble for nephrin tyrosine phosphorylation in both in vitro and in
vivo studies (10). Since there is no specific phosphoantibody that
reacts with Fyn Y416 and Y527, the Src Y416 and Src Y527 anti-
body is used to assess the changes in Fyn phosphorylation at those
specific tyrosine residues. Following clustering, we also observed
an increase in Shp2 Y542 phosphorylation concurrent with neph-
rin phosphorylation. Quantification using ImageJ densitometry
revealed 2- to 3-fold-higher levels of nephrin phosphorylation at
15 min in the presence of Shp2 (Fig. 3B). These observations sug-
gest that in the presence of Shp2, nephrin phosphorylation is both
enhanced and sustained longer.

Shp2-dependent nephrin phosphrylation is attenuated when
nephrin Y3 and Y4 are mutated. To examine the change in neph-
rin phosphorylation when the nephrin-Shp2 interaction is per-
turbed, we transfected CD16-nephrin carrying tyrosine-to-phe-
nylalanine mutations on nephrin Y1154 (Y3) and Y1172 (Y4),
along with Shp2. The Y3F single mutant is not expressed well
following transfection; to circumvent this, we used the Y3,4F com-
pound mutation. There was a decrease in nephrin phosphoryla-
tion when CD16-nephrin Y3,4F mutants were clustered in the
presence of Shp2 (Fig. 4A). The increase in Shp2 Y542 and Src
Y416 phosphorylation seen following CD16-nephrin clustering
was also abrogated when nephrin Y3 and Y4 residues were mu-
tated. Quantification of nephrin, Src, and Shp2 phosphorylation
was done by densitometry using Image]J software (Fig. 4B). In the
presence of Shp2, nephrin Y1191 and Y1208 phosphorylation was
significantly higher at each time point than that of controls (with-
out Shp2) (P < 0.001). Attenuation of nephrin phosphorylation
when nephrin was mutated at Y3 and Y4 was also statistically
significant at each time point compared to clustering of CD16-
nephrin in the presence or absence of Shp2 (P < 0.001). Shp2
Y542 phosphorylation was higher at 5- and 15-min time points
when Shp2 was transfected. Similarly, Src Y416 phosphorylation
was also attenuated when the CD16-nephrin Y3 and Y4 mutant
was clustered in the presence of Shp2. These data suggest that
nephrin tyrosine residues Y3 and Y4, identified previously as the
Shp2 binding sites, are necessary for Shp2-dependent enhance-
ment of nephrin phosphorylation.

Phosphorylation events take place in detergent-resistant
membrane fractions of glomeruli isolated from mouse kidneys
perfused with protamine sulfate in vivo. Among the various
models of podocyte injury, protamine sulfate provides a rapid and
reversible model of injury with changes in the podocyte cytoskel-
eton. We expected changes in nephrin, Src kinase, and Shp2 phos-
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phorylation following protamine sulfate injury. We examined
glomerular detergent-resistant membrane fractions for these
changes, as they provide enrichment of these components
(Fig. 5A). We observed an increase in nephrin tyrosine phosphor-
ylation using antibodies against the mouse nephrin Y1191 and
Y1208 residues, as well as the commercially available antibodies
against the human nephrin Y1193 and Y1217 residues. The latter
antibodies are numbered based on the human nephrin amino acid
sequence and correspond to the Y1191 and Y1208 residues, re-
spectively, in mouse nephrin. We observed an increase in Src Y416
and Shp2 Y542 and Y580 phosphorylation. There was a decrease
in Src Y527 phosphorylation that indicated increased Src kinase
activity (Fig. 5A). Quantification of phosphorylation using Image]
software from 4 different experiments was performed and is
shown in Fig. 5B. Following infusion of heparin sulfate (an anti-
dote for protamine sulfate), we observed reversal toward the base-
line of tyrosine phosphorylation on nephrin, Src Y416, and Shp2
tyrosine residues.

There is increased Shp2 activity during podocyte develop-
ment and following injury. Nephrin is tyrosine phosphorylated
during development and following injury (3, 6, 30). Since Shp2 is
proximal to Src kinase activation, we hypothesized that Shp2
should also be tyrosine phosphorylated during podocyte develop-
ment and following injury. We examined newborn mouse kidney
sections for evidence of concurrent Shp2 activation, given that
glomerular maturation continues after birth in mice. We observed
increased Shp2 Y542 phosphorylation in kidney sections from
newborn mice, suggesting increased Shp2 activity (Fig. 6A). The
staining pattern of p-Shp2 overlaps with synaptopodin in devel-
oping and young glomeruli, though it appears that Shp2 precedes
the appearance of synaptopodin (Fig. 6A, bottom) during devel-
opment. A similar increase in Shp2 Y542 phosphorylation was
observed in mouse kidney sections following perfusion with
protamine sulfate (Fig. 6B).

Increased Shp2 activity in human glomerular disease. Podo-
cyte injury in human glomerular diseases should have a similar
increase in nephrin phosphorylation, as well as an increase in Shp2
activity. Available phosphonephrin antibodies do not work well
with human kidney sections. As a surrogate for nephrin phos-
phorylation, we tested for changes in Shp2 Y542 phosphorylation
in kidney biopsy sections from patients with various glomerular
diseases. Phospho-Shp2 antibody was characterized to confirm its
specificity (see Fig. S1 in the supplemental material). We observed
an increase in Shp2 Y542 phosphorylation in both minimal-
change nephrosis and membranous nephropathy (Fig. 6C). Inter-
estingly, increase in Shp2 Y542 phosphorylation was not observed
in focal segmental glomerulosclerosis. These results suggest that
Shp2 plays a role in signaling events that occur following podocyte
injury in a subset of human glomerular diseases.

Mice with a podocyte-specific deletion of Shp2 are resistant
to protamine sulfate injury. To test the role of Shp2 in vivo, Shp2
was deleted specifically in murine podocytes by breeding Shp2
floxed mice (with the LoxP sequence flanking exon 11, as gener-
ated by Neel et al. [34]) with podocin-Cre mice (31) (Fig. 7A). The
mice were healthy at birth, and there was no evidence of protein-
uria even at 20 months of age. Deletion of Shp2 was confirmed by
immunostaining on paraffin-embedded kidney sections from
1-month-old Shp2®®¢* and Shp2"™r*~ mice (Fig. 7B). High
levels of Src Y527 phosphorylation in glomerular lysates from
Shp2 knockout (KO) mice indicate decreased Src kinase activity in
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CD16-nephrin clustering was markedly attenuated when a CD16~ nephrin construct carrying the Y3,4F mutation was transfected along with Shp2. Similarly,
there was attenuation of Shp2 Y542 and Src Y416 phosphorylation following clustering of CD16-nephrin chimeras carrying the Y3,4F (double) mutations. (B)
Quantification of bands using densitometry showed a statistically significant increase in nephrin phosphorylation in the presence of Shp2 compared to the
control at each time point (¥, P < 0.001; **, P < 0.01; NS, not significant using the ANOVA test). The decrease in nephrin phosphorylation following clustering
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FIG 6 (A) Shp2 is tyrosine phosphorylated in developing glomeruli. Newborn mouse kidney sections were prepared as described in Materials and Methods. The
sections were analyzed by indirect immunofluorescence microscopy following immunostaining with p-Shp2 (Y542) antibody. Synaptopodin antibody was used
to identify podocytes in the section. (Top row) Lower-magnification images of kidney cortex. (Bottom rows) Higher-magnification images of developing
glomeruli. Scale bars, 20 wm. (B) Shp2 is tyrosine phosphorylated following perfusion with protamine sulfate. Adult mouse kidneys were perfused with HBSS and
protamine sulfate prior to perfusion fixation with paraformaldehyde. Kidney sections were analyzed by indirect fluorescence microscopy. Magnification, X200
(top 2 rows) and X400 (bottom row). Scale bars, 20 pum. (C) Enhanced Shp2 phosphorylation in human glomerular diseases. Representative images show p-Shp2
Y542 antibody staining of paraffin-embedded kidney sections from healthy subjects and from patients with minimal-change nephrosis (MCN), membranous

nephropathy (MN), and focal segmental glomerulosclerosis (FSGS). Kidney biopsy sections from 5 or more patients in each disease category were immuno-
stained. Scale bars, 20 pm.

[ Protamine Sulfate | Protamine Sulfate]|

the absence of Shp2 in vivo (Fig. 7C and D). Nephrin phosphory-  ing mice using the protamine sulfate model of podocyte injury.
lation on Y1193 and Y1217 residues is low at baseline and does not ~ Three-month-old Shp2"™®“* mice and their littermate controls
change significantly in the absence of Shp2. Lack of a developmen- ~ were perfused via the renal artery with protamine sulfate or con-
tal phenotype, though surprising, has been observed in other trol HBSS buffer solution. We observed protection of foot pro-
podocyte-specific-deletion mouse models (2, 11). We speculated  cesses from spreading in the mice with Shp2 deleted following
that functional loss of Shp2 might become evident when challeng-  protamine sulfate perfusion (Fig. 8A). This observation was con-

FIG 5 Phosphoproteome analysis of isolated glomerular detergent-resistant membrane fractions following protamine sulfate injury. (A) Glomeruli were
isolated from mouse kidneys perfused with HBSS, protamine sulfate, and protamine sulfate followed by heparin sulfate. The glomerular lysates were fractionated
using the flotation gradient method to obtain the DRMs. Following resolution of lysates using SDS-PAGE, the membranes were blotted with the indicated
antibodies. The blots are representative of 3 independent experiments. (B) Quantification of nephrin, Shp2, and Src phosphorylation using densitometry.
Glomeruli from mouse kidneys perfused with HBSS, protamine sulfate (PS), and protamine sulfate followed by heparin sulfate (PS + HS) were isolated and
fractioned using a flotation gradient. Detergent-resistant membrane fractions were resolved using SDS-PAGE and blotted for the indicated antibodies (Fig. 4).
Image]J software was used to quantify the bands from three different experiments. There was an increase in nephrin tyrosine phosphorylation using three different
antibodies against residues necessary for nephrin-Nck interaction. There was an increase in Shp2 activation, suggested by an increase in tyrosine phosphorylation
of Shp2 Y542 and Y580 following protamine sulfate perfusion. There was an increase in Src tyrosine phosphorylation on the Y416 residue and a decrease in
tyrosine phosphorylation of the Src Y527 residue following protamine sulfate perfusion. Heparin sulfate reversed the phosphorylation on nephrin, Shp2, and Src
Y416. Src Y527 dephosphorylation persisted following heparin sulfate perfusion. The data are mean values * standard errors of the mean. *, P < 0.001; NS, not
significant using a two-tailed ¢ test.
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FIG 7 Podocyte-specific deletion of Shp2. (A) Schematic representation of the floxed Shp2 allele showing two LoxP sites (arrowheads) flanking exon 11
of Shp2. (B) Paraffin-embedded mouse kidney sections from Shp2™" (control) and Shp2™™¢™* (Shp2-null) mice were double stained for Shp2 (red) and
synaptopodin (synpo) (green) as a podocyte marker. Scale bars, 20 pm. (C) Src activation is decreased in the absence of Shp2. Detergent-resistant
membrane fractions from the glomerular lysates of Shp2™" (control) and Shp2®™¢r* (Shp2-null) mouse kidneys were probed with Src Y527 and
phosphonephrin antibody (Y1193 and Y1217). There was enhanced phosphorylation at the Src Y527 residue in the absence of Shp2. (D) Quantification
of Src Y527 and nephrin phosphorylation. The data are mean values and standard errors of the mean. *, P < 0.001; NS, not significant using a two-tailed

t test (10 or more animals were analyzed in each group).

firmed by evaluation of the podocyte intercellular junction fre-
quency by TEM, where control mice had a significantly reduced
junction frequency after injury compared to mice with Shp2 de-
leted, which remained similar to HBSS-perfused control mice
(Fig. 8B). There was a decrease in nephrin phosphorylation in the
Shp2 knockout mouse glomeruli when probed with antibody
against the Y1193 and Y1217 nephrin residues (Fig. 8C). Quanti-
fication of blots using Image]J software is shown in Fig. 8D. The
observation that there were higher levels of Src Y527 phosphory-
lation in the absence of Shp2 in vivo, along with decreased levels of
Fyn-dependent nephrin Y1192 and Y1217 phosphorylation fol-
lowing injury, suggests that Shp2 is necessary for Fyn activation
within the nephrin signaling complex.
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Inhibition of Shp2 activity using a small-molecule inhibitor
is protective in protamine sulfate injury. In order to test available
small-molecule inhibitors of Shp2 as a potential therapeutic mo-
dality, we perfused 2-month-old mice with NSC87877, a specific
inhibitor of Shp2 phosphatase activity (41-43). The mice were
perfused with NSC87877 30 min prior to perfusion of protamine
sulfate. Site-directed mutagenesis and molecular modeling sug-
gested that NSC87877 binds to the catalytic cleft of Shp2 (43).
There was a reduction in both nephrin and Shp2 phosphorylation
in mice that were perfused with NSC87877 (Fig. 9A) prior to
protamine sulfate using indirect immunofluorescence imaging.
Detergent-resistant membrane fractions from isolated glomeruli
from mice perfused with NSC878777 had a similar decrease in
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FIG 8 Podocytes from mice with Shp2 deleted are protected from protamine sulfate injury. (A) Foot process spreading is not seen in Shp2™™<* (Shp2-null)
mice following protamine sulfate perfusion. Shown are TEM images of mouse kidneys perfused with HBSS (control), protamine sulfate, or protamine sulfate
followed by heparin sulfate. The results are representative of 5 mice per group. Original magnification, X5,200. (B) Numbers of junctions per micrometer of
GBM, as seen by TEM. The data are means =+ standard errors of the mean. (C) Glomeruli from Shp21¢~ (control) and Shp2®1¢* (Shp2-null) mouse
kidneys perfused with HBSS and protamine sulfate were isolated using Dynabeads. Detergent-resistant membrane fractions were prepared, resolved using
SDS-PAGE, and blotted with the indicated antibodies. There was a decrease in nephrin phosphorylation in Shp2®<* (Shp2-null) kidneys following perfusion
with protamine sulfate. The blots are representative of 3 independent experiments. (D) Quantification of nephrin and Src phosphorylation in Shp2<r* and
Shp2¥%Ce~ mouse glomerular lysates following perfusion with HBSS and protamine sulfate. Detergent-resistant membrane fractions from mouse glomerular
lysates were resolved using SDS-PAGE and blotted with the indicated antibodies. Image] software was used to quantify the bands from three different experi-
ments using 4 or 5 animals in each group. The increase in nephrin Y1193 and Y1217 and Src Y416 observed following protamine sulfate perfusion in Shp2/re~
mouse kidney glomerular lysates was abrogated in the Shp2"™°** mouse. The data are means = standard errors of the mean. *, P < 0.001.

February 2016 Volume 36 Number 4 Molecular and Cellular Biology mcb.asm.org 607


http://mcb.asm.org

Verma et al.

pShp2 Y542 B

HBSS

NSC87877 +
Protamine Sulfate Protamine Sulfate

HBSS

NSC87877

{ Protamine Sulfate

Protamine Sulfate +

— .| p-Nephrin Y"1
ts
2 8 wed 4| P-Nephrin Y277
& e
= 2
c .
o ®
S5 || e Vit g Nephrin
o€
® O
(a1 A p-Shp2 Y542
W | Shp2
e Aci
D NS
< 0.001
4 P
3.5 1
s ]
g 3
2.5 7
£
2 21
)
5151
° ]
c 1
=]
= 0.5 7
HBSS control PS PS
+NSC87877

FIG 9 The Shp2 inhibitor NSC87877 protects podocytes from protamine sulfate injury. (A) Indirect immunofluorescence images of paraffin-embedded mouse
kidney sections following perfusion with HBSS (control), protamine sulfate, and NSC87877 prior to protamine sulfate. The sections were stained with p-nephrin
Y1191 and Y1208 and p-Shp2 Y542 antibodies. Scale bars, 20 pm. (B) Immunoblots of glomerular lysates from mouse kidneys showing a decrease in nephrin
tyrosine phosphorylation when probed with p-nephrin Y1193 and Y1217 antibodies in mice perfused with the Shp2 inhibitor NSC87877 prior to protamine
sulfate. There was a decrease in p-Shp2 Y542 levels, as well. (C) TEM images of wild-type mice perfused with HBSS (control), protamine sulfate, or NSC87877
prior to protamine sulfate. The results are representative of at least 3 mice per group. Original magnification, X5,200. (D) Numbers of junctions per micrometer

of GBM as seen by TEM. The data are means = standard errors of the mean.

nephrin and Shp2 phosphorylation (Fig. 9B). Importantly, TEM
analysis of kidney sections showed lack of foot process spreading
in animals that were perfused with NSC87877 prior to protamine
sulfate compared to those that received protamine sulfate only
(Fig. 9C and D). These observations suggest a potential benefit of
inhibiting Shp2 activity in podocytes to prevent foot process ef-
facement and proteinuria.

Foot process spreading and increase in nephrin phosphory-
lation were not seen in mice with podocyte-specific Shp2 deleted
following injury by nephrotoxic serum. We examined an alter-
nate podocyte injury model using the previously described
nephrotoxic nephritis model (28, 37). Unlike the protamine
sulfate model, the NTS model allows us to examine both the
functional and the morphological significance of Shp2 deletion
in mouse podocytes. Mice were injected with sheep anti-rat
glomerular lysate antiserum (NTS) intraorbitally, or sheep 1gG
was used as a control. Following NTS injection, there was an
increase in albuminuria within 24 h in wild-type mice (Fig.
10A). Though Shp2"™®€r* mice had a slight increase in albu-
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minuria at the 24-h time point, it resolved completely by 72 h,
when it was similar to that of the control in magnitude (Fig.
11C). SEM (Fig. 10B) and TEM (Fig. 11A) 48 h following NTS
injection showed a lack of foot process effacement in
Shp2?1C€re* mice compared to Shp2"™°~ mice (control).
Morphometric analysis of the junction frequency per micrometer of
glomerular basement membrane surface (GBM) showed preserva-
tion of foot process morphology in Shp2™™"* mice (Fig. 11B).
Similar to the protamine sulfate model, glomerular lysates showed
an increase in nephrin Y1193 and Y1217 phosphorylation follow-
ing NTS injection in the Shp2®™¢"~ wild-type animals. The in-
crease in nephrin phosphorylation was abrogated in lysates from
Shp2M™Cre* mouse glomeruli (Fig. 11D). At the same time, there
was a rise in Shp2 Y542 and Src Y416 phosphorylation and a de-
crease in Src Y527 phosphorylation in control animals, suggesting
activation of both Shp2 and Src kinase in this model. Quantifica-
tion of the bands using densitometry is shown in Fig. S2 in the
supplemental material. These observations are consistent with our
findings in the protamine sulfate model of podocye injury and,
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FIG 10 Podocyte-specific Shp2 deletion attenuates proteinuria induced by NTS. (A) Urine was collected from mice 24 and 48 h after injection of NTS or control
sheep IgG. Ten microliters of urine was loaded in each lane. (Quantification of albumin and creatinine in urine is shown in Fig. S1 in the supplemental material.)
(B) SEM of Shp2®® and Shp2™*, podocin CreTg/+ mouse glomeruli 48 h after injection of NTS or control sheep IgG. Original magnifications, X 3,000 (column
1), X7,000 (column 2), and X20,000 (column 3). The data are representative of 6 (A) and 3 (B) mice per group.

additionally, provide functional data in regard to proteinuria,
which is not feasible in the protamine sulfate model.

DISCUSSION

Podocyte foot process spreading is a marker for human glomeru-
lar diseases that present with protein leakage. To develop treat-
ment modalities that can prevent proteinuria, a good understand-
ing of the signaling mechanisms that are involved in foot process
spreading is of paramount importance. In vitro studies have
shown that nephrin tyrosine phosphorylation transduces a signal
that results in recruitment of a protein complex that is able to
polymerize actin (2, 4, 6). Deletion of both nephrin and the adap-
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tor protein Nck in podocytes results in a similar phenotype where
foot processes fail to develop normally (4, 8). Nck plays a role in
assembling a protein complex that is necessary for actin polymer-
ization (44). Deletion of the Src kinase Fyn also results in foot
process structural abnormality, which was noted to be indepen-
dent of immune-mediated mechanisms (9). Both biochemical
and genetic studies have established that Fyn binds to and tyrosine
phosphorylates nephrin. Deletion of Fyn resulted in marked at-
tenuation of nephrin tyrosine phosphorylation in detergent-resis-
tant membrane fractions of glomerular lysates (10). Studies
regarding nephrin tyrosine phosphorylation during mouse glo-
merular development and following injury remain controversial.
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FIG 11 (A) TEM of Shp2"® and Shp2™", podocin CreTg/+ mouse glomeruli at 48 h after injection of N'TS or control sheep IgG. Original magnification, X4,800.
(B) Numbers of junctions per micrometer of glomerular basement membrane, as seen by TEM 48 h after injection (means * standard errors of the mean). (C)
Quantification of proteinuria in NTS model of podocyte injury. Albumin and creatinine were quantified in urine samples obtained from Shp2®*Cre~ and
Shp21/Cre+ mice following injection of sheep IgG (control) and N'TS at various time points. There was a sharp rise in urinary albumin leakage following NTS
injection in the Shp2™™“*~ mice that resolved over the next 5 to 7 days. There was a milder increase in albuminuria in the Shp2®C* mice following NTS
injection that resolved completely by day 3. There was no increase in urine albumin leakage in the mice injected with sheep IgG that served as a control. The data
are representative of 4 experiments with 3 mice per group. There was a statistically significant difference (*, P < 0.001) in albuminuria between the NTS-injected
Shp2 WT and Shp2 KO animals at the 24-h, 48-h, and 72-h time points. There was a different statistically significant albuminuria between NTS- and sheep
IgG-injected WT Shp2 mice at the 24-h, 48-h, and 72-h time points (**, P < 0.001). At 24 h and 48 h, NTS- and sheep IgG-injected Shp2 KO mice had statistically
different albuminurias (***, P < 0.001). The data are means * standard errors of the mean. (D) Glomeruli from Shp2®"~ and Shp2?™ "+ mouse kidneys perfused
with sheep IgG (control) and NTS were isolated using Dynabeads. Glomerular lysates were prepared, resolved using SDS-PAGE, and blotted with the indicated
antibodies. Increase in nephrin phosphorylation (Y1193 and Y1217) was abrogated in mice with Shp2 deleted. The two blots shown for total nephrin represent separate
experiments in which nephrin phosphorylation was assessed. There was a decrease in Src Y416 phosphorylation and enhanced Y527 phosphorylation in glomerular
lysates from Shp2®* mice following NTS perfusion compared to control and NTS-perfused Shp2®®"~ mice. Shp2 Y542 phosphorylation was also decreased in
Shp2V1Cre* glomerular lysates following NTS perfusion compared to control and NTS-perfused Shp2®©~ mice. The data are representative of 3 mice per group.
(Quantification of bands using densitometry from three separate experiments is shown in Fig. S2 in the supplemental material.)

The studies have shown both increases and decreases in nephrin  made by various investigators in this regard. It is possible that less
phosphorylation following injury in both animal models and hu-  nephrin is detectable by immunochemistry because most of it be-
man glomerular diseases (6, 16, 35, 36, 45, 46). There are several ~ comes insoluble after phosphorylation and is trapped in the pellet
possibilities that could explain the difference in observations along with actin. Alternatively, there could be differences in the
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affinities of various phosphonephrin antibodies due to unavail-
ability of the epitope when tyrosine-phosphorylated nephrin is
associated with the recruited complex along with actin. We have
consistently observed an increase in nephrin tyrosine phosphory-
lation following injury when using the detergent-resistant mem-
brane fractions as a result of enrichment of nephrin in the
insoluble membrane fraction following phosphorylation. Never-
theless, the issue of nephrin phosphorylation remains controver-
sial and requires further investigation.

In this study, we have focused on the interaction between
nephrin and the receptor tyrosine phosphatase Shp2 and Shp2’s
effect on nephrin tyrosine phosphorylation. We have also exam-
ined the consequence of deletion of Shp2 in mouse podocytes.
Kinases and phosphatases regulate all aspects of cellular function
by switching on or switching off numerous signaling cascades.
Cellular signaling events are tightly regulated by feedback loops,
with simultaneous activation of both positive and negative regu-
latory signaling cascades (47). Shp2 has been shown to play a
regulatory role in the feedback loop that activates Src kinases (21—
24). A recent study showed a role for Shp2 in activating the Src
family kinase Fyn in response to a6(34 integrin engagement (24).
Specifically, Shp2 binds to a phosphorylated tyrosine residue on
64 integrin via its N-terminal Sh2 domain, resulting in activa-
tion of catalytic activity. Fyn is then recruited through an interac-
tion with the phospho-Y580 residue in the C terminus of Shp2.
Furthermore, Fyn phosphorylated Shp2 on Y542, resulting in a
positive-feedback loop that contributed to sustained Shp2 and
Fyn activity (24). In Ras-ERK signaling, Shp2 sequesters C-termi-
nal Src kinase (Csk), a negative regulator of c-Src, thus positively
regulating Src kinase activity.

Studies have revealed that both Shp1 and Shp2 are essentially
inactive under basal conditions resulting from autoinhibition of
the catalytic domain by the N-terminal sh2 domain. The catalytic
activity is increased on binding of the sh2 domain to phosphoty-
rosine peptides. Singly phosphorylated peptides increase Shp2 ac-
tivity 10-fold (48, 49), whereas engagement of both sh2 domains
increases the activity by 100-fold (50, 51). Furthermore, there is
evidence to suggest that binding of both sh2 domains of Shp2 to
the receptor protein results in higher phosphatase activity and a
stronger, more intense signal (50, 52, 53). Binding of Shp2 to
nephrin phosphotyrosines Y1154 and Y1172 suggests a similar
function of Shp2 in amplification of nephrin phosphorylation-
dependent signaling cascades. In our study, mouse podocytes with
Shp2 deleted did not develop foot process developmental abnor-
malities. We believe this is most likely due to the delayed deletion
of Shp2 after podocyte and glomerular maturation has advanced
to the capillary loop stage, at which time the Cre recombinase
driven by the podocin promoter is first expressed and induces
DNA recombination (31). Ultimately, the loss of targeted protein,
in this case Shp2, likely depends on the half-life or stability of the
mRNA and protein being deleted (54, 55). Completion of the
initial developmental events while Shp2 is still available might
explain the normal podocyte development. A recent publication
showed the absence of an immediate phenotype following induc-
ible RNA interference-mediated nephrin knockdown in a mature
adult mouse (45). In the same study, the nephrin knockdown mice
were susceptible to developing glomerulosclerosis following
doxorubicin injury, suggesting a prominent role of nephrin dur-
ing development and following injury (45). Consistent with these
observations, podocytes with Shp2 deleted do not undergo foot

February 2016 Volume 36 Number 4

Molecular and Cellular Biology

Shp2 Enhances Nephrin Phosphorylation

process spreading in either the protamine sulfate or NTS model of
podocyte injury. At the same time, there was no increase in neph-
rin phosphorylation following injury when Shp2 was deleted or its
activity was chemically inhibited. Our study did not identify the
kinase responsible for Shp2 activation within the nephrin-associ-
ated protein complex, especially since nephrin does not have its
own kinase activity, nor did it identify the kinase responsible for
phosphorylation of the nephrin Y1154/Y1172 residues, which are
necessary for the nephrin-Shp2 interaction. It is plausible that
basal Src kinase activity may be responsible for phosphorylation of
the nephrin Y1154/Y1172 residues. Phosphorylation on nephrin
Y1154 was shown to occur in vivo by y->*P metabolic labeling (6).
At the same time, in an in vitro tryptic peptide mapping method,
the Src kinase Fyn was able to phosphorylate the nephrin Y1154
residue (6).

Following injury, podocytes retain their structure when fo-
cal adhesion regulatory proteins, such as focal adhesion kinase
(FAK), Crk, and uPAR, are deleted in the mouse (11, 56, 57).
Within this context, it is noteworthy that cells with Shp2 de-
leted display an increased number of focal adhesions reminis-
cent of focal adhesion kinase-deficient cells (58). Src kinases
have also been shown to positively regulate FAK activity and FA
turnover (59-62). A recent study found protection of podo-
cytes from injury following inhibition of protein tyrosine phos-
phate 1B (PTP1B), as overexpression of PTP1B resulted in in-
creased FAK phosphorylation and activity of Src kinases.
Beyond Shp2’s impact on nephrin phosphorylation, as sug-
gested by our data, an increase in Shp2 activity has been shown
to play an important role in activation of focal adhesion and
integrin complex (24, 26). Our observation that mouse podo-
cytes with Shp2 deleted are resistant to injury is consistent with
these previous observations. We observed an increase in glo-
merular Shp2 activity in kidney sections obtained from pa-
tients with minimal-change nephrosis and membranous ne-
phropathy but not in kidney sections from patients with focal
segmental glomerulosclerosis. Interestingly, George et al. also
reported absence of FAK and Cas phosphorylation in glomeruli
in biopsy samples from patients with focal segmental glomer-
ulosclerosis (11). A recent publication demonstrated an in-
crease in Shpl expression in podocytes in response to hyper-
glycemia, resulting in decreased nephrin tyrosine phosphorylation
at residue Y1217 (16). Whether Shp! affects Src kinase activity
similarly to Shp2 has not been shown. Reiser et al. reported an
increase in Shp2 and a decrease in Shp1 expression levels following
puromycin injury (63). The specific roles of Shp tyrosine phos-
phatases in different disease models requires further investigation.
The differences in Shp2 and focal adhesion complex activation
within proteinuric glomerular diseases suggest that the signaling
mechanisms involved are not homogeneous.

Our study provides valuable mechanistic insights into the sig-
naling mechanisms that come into play during podocyte foot pro-
cess structural changes following injury. The observation that
nephrin is tyrosine phosphorylated following injury has been re-
ported previously (6, 11). Furthermore, it has been established
that the Src kinase Fyn is responsible for phosphorylation of neph-
rin tyrosine residues Y1193 and Y1208, which are necessary for the
nephrin-Nck interaction. Kurihara et al. observed a correlation
between increased tyrosine phosphorylation of podocyte junc-
tional proteins and induction of foot process effacement in a rat
model (64). The functional significance of nephrin phosphoryla-
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tion, as well as the mechanism by which Fyn activation was in-
duced in this setting, was undefined. The data presented here sug-
gest that in the absence of Shp2 following injury, activation of Src
kinases, as well as nephrin tyrosine phosphorylation, is attenu-
ated. Furthermore, Shp2 deletion or inhibition of Shp2 activity in
mouse podocytes resulted in lack of podocyte effacement. In the
NTS model, the absence of foot process spreading in mouse podo-
cytes with Shp2 deleted also resulted in reduced proteinuria, indi-
cating preserved filter integrity. These results suggest that Shp2 is
necessary for activation of the Src kinase Fyn, which is needed for
nephrin tyrosine phosphorylation in response to a stimulus that
results in podocyte foot process effacement and albuminuria. It is
tempting to speculate that there is a causal relationship between
nephrin phosphorylation and foot process spreading. However,
this remains to be proven, since deletion of Shp2 could affect the
podocyte structure through an effect on other signaling events
within the cell. Our observation that both genetic deletion and
chemical inhibition of Shp2 prevent foot process effacement fol-
lowing injury suggests that altering Shp2-dependent signaling
events may attenuate foot process spreading in some human glo-
merular diseases. Since global inhibition of Shp2 activity is likely
to be detrimental, further studies to develop either cell-specific
inhibition of Shp2 or targeting other components of the signaling
cascade are needed.
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