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Podocytes are key components of the kidney blood filtration
barrier, and their ability to withstand hemodynamic strain is
proposed to be closely tied to their unique and flexible cyto-
architecture. However, the mechanisms that control such
mechanotransduction are poorly understood. We have previ-
ously established that tyrosine phosphorylation of the trans-
membrane protein nephrin promotes recruitment of the
Nck1/2 cytoskeletal adaptor proteins and downstream actin
remodeling. We now reveal that Nck integrates nephrin with the
Hippo kinase cascade through association with the adaptor pro-
tein WTIP. Using mutational analysis, we show that Nck seques-
ters WTIP and its binding partner Lats1 to phosphorylated
nephrin, resulting in decreased phospho-activation of Lats1. We
further demonstrate that, coincident with nephrin dephosphor-
ylation in a transient model of podocyte injury in mice, Lats1 is
rapidly activated, and this precedes significant down-regulation
of the transcription regulator Yap. Moreover, we show reduced
levels of Yap protein in mice with chronic disruption of nephrin
phospho-signaling. Together, these findings support the exist-
ence of a dynamic molecular link between nephrin signaling and
the canonical Hippo pathway in podocytes, which may facilitate
the conversion of mechanical cues to biochemical signals pro-
moting podocyte viability.

Podocytes are specialized terminally differentiated epithelial
cells of the kidney blood filtration barrier (1). Their cell bodies
extend interdigitating actin-rich projections, known as foot pro-
cesses, that are connected via a unique intercellular junction
known as the slit diaphragm. Integration of the slit diaphragm
with the underlying actin cytoskeleton is proposed to endow
the podocyte with a flexible cytoarchitecture that can dynami-
cally adapt to the contractile demands of mechanical strain (2,
3). Accordingly, a hallmark of kidney disease is remodeling of
the foot process actin cytoskeleton, leading to simplification of
podocyte structure (effacement), disruption of filtration (pro-
teinuria), and podocyte loss (1).

A major component of the podocyte slit diaphragm is the
transmembrane protein nephrin. The extracellular region of
nephrin interacts with adjacent nephrin molecules, forming a
structural filter, whereas the intracellular tail coordinates sig-
naling cascades that regulate actin dynamics as well as podocyte
survival (4). Nephrin is phosphorylated on intracellular tyro-
sine residues by the Src family kinase (SFK)4 Fyn, and phosphor-
ylation of three of these tyrosines, in particular Tyr-1176, Tyr-
1193, and Tyr-1217, creates docking sites for the Nck1/2
cytoskeletal adaptor proteins (5, 6). Nephrin phosphorylation
on these sites is reduced in renal diseases associated with podo-
cyte effacement (7, 8), and this phosphorylation is essential in
mice for stabilization and restoration of foot process morphol-
ogy (9).

Similarly, Nck proteins are critically required for the main-
tenance of mature podocyte structure as well as the initial
development of foot processes (5, 7). Nck proteins provide a
dynamic link between nephrin and the actin cytoskeleton. Nck
binds via its Src homology 2 (SH2) domain to phosphorylated
tyrosine residues on nephrin and via its three tandem SH3
domains to effector molecules, which contain proline-rich
motifs such as N-WASp (5, 6, 10). Despite the central impor-
tance of Nck in podocyte biology, the downstream signaling
pathways controlling its function remain to be fully elucidated.

In a search for novel effectors of Nck signaling within podo-
cytes, we have identified Wilms tumor-interacting protein
(WTIP). WTIP is a Lim domain- and poly-proline-containing
scaffold protein of the Ajuba family that is expressed in podo-
cytes, where it has been shown to regulate F-actin assembly (11,
12). WTIP is also an evolutionarily conserved negative regula-
tor of the Hippo pathway, a kinase cascade terminating with
Lats1/2 kinases that phosphorylate the transcriptional regula-
tors Yap and Taz, leading to their nuclear exclusion and subse-
quent degradation (13, 14). The Hippo pathway is regulated by
signals from the physical environment, including mechanical
stretch, matrix stiffness, and cell geometry (15, 16). In podo-
cytes, activation of this pathway is associated with apoptosis
(17, 18), with podocyte-specific deletion of Yap in mice result-
ing in foot process effacement, proteinuria, and podocyte
depletion (19).

In this study, we demonstrate that Nck bridges the interac-
tion of WTIP and Lats1 with phosphorylated nephrin, resulting
in reduced Hippo signaling. We further show that Lats1 is tran-
siently activated in a reversible mouse model of podocyte injury
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coincident with nephrin dephosphorylation and that Lats1 acti-
vation precedes phosphorylation and subsequent degradation
of Yap. Last, we demonstrate reduced expression of Yap in mice
with chronic loss of nephrin tyrosine phosphorylation.
Together, we have uncovered a novel role for Nck in connecting
phosphorylated nephrin with the Hippo pathway through
WTIP, which may have implications in mechanotransduction
and podocyte survival.

Experimental Procedures

Plasmids—Constructs encoding human GFP-tagged CD16/
7-nephrin and FLAG-tagged Nck1 and Nck2 and mutants
thereof have been described previously (5, 20). GFP-tagged
CD16/7-nephrinY3F-3xSH3 was constructed by cloning the
three Nck2 SH3 domains in-frame with the C terminus of
CD16/7-nephrinY3F. Human Nck1 3xSH3 and 3xSH3* were
previously cloned into pGEX-4T-1 as GST fusion constructs.
Mouse WTIP (BC054125) and WTIP�PRR, which lacks 351
base pairs (128 – 479, inclusive), resulting in deletion of 117
amino acids of the PRR of WTIP, were cloned into pEGFP-C1
and pCDNA3.1-HA. FLAG-tagged Lats1 was provided by Dr.
Clark Wells (Indiana University) and described previously (21).

Antibodies—The following antibodies were obtained com-
mercially: rabbit anti-GFP (Abcam, 290), mouse anti-GAPDH
(clone 1D4, G041, Applied Biological Materials Inc.), mouse
anti-CD16 (sc-19620, Santa Cruz Biotechnology), mouse anti-
FLAG clone M2 (F3165, Sigma-Aldrich), rabbit anti-Lats1
(A300-477A, Bethyl), rabbit anti-Ser(P)-909 Lats1 (9157, Cell
Signaling Technology), rabbit anti-Yap (D8H1XP(R), Cell Sig-
naling Technology), and rabbit anti- Ser(P)-127 Yap (4911, Cell
Signaling Technology). Mouse anti-HA (clone 12CA5) was
obtained from the Sunnybrook Hybridoma Bank (Toronto,
ON, Canada). Rabbit anti-nephrin was provided by Dr.
Tomoko Takano (McGill University) and described previously
(22). Phospho-specific anti-nephrin antibodies were generated
and validated previously (7). Secondary horseradish peroxi-
dase-conjugated goat anti-mouse and goat anti-rabbit second-
ary antibodies (Bio-Rad) were used for immunoblot detection.

Tissue Culture—HEK293T cells were obtained from the
American Type Culture Collection (Manassas, VA). Cells were
grown in DMEM (Sigma-Aldrich) supplemented with 10% FBS,
200 units/ml penicillin, and 200 �g/ml streptomycin (Invitro-
gen) and maintained at 37 °C and 5% CO2. Transient transfec-
tion was performed using PEI for 48 h.

Cell Lysis, Immunoprecipitation, and Western Blotting—
Cells expressing CD16/7-nephrin were starved in serum-free
medium overnight and stimulated with 1 �g/ml anti-CD16
antibody for 10 min at 37 °C. For inhibition of SFKs, cells were
treated with 10 �M PP2 (Sigma-Aldrich) for 3 h prior to CD16
stimulation, and CD16 stimulation was performed in the con-
tinued presence of PP2. Cells were lysed in phospholipase C
lysis buffer supplemented with protease inhibitors by vortexing
and sonicating on ice. Immunoprecipitation was performed
overnight at 4 °C with rotation, followed by washing three times
with phospholipase C buffer. Immunocomplexes were eluted
from the beads in 2� SDS loading buffer by boiling at 100 °C for
2 min. For Western blotting, proteins from total lysates and
immunoprecipitates were resolved using 10% SDS-PAGE gels,

transferred to a PVDF membrane, blocked for 30 min in Tris-
buffered saline with Tween 20 (TBST) containing 5% nonfat
milk powder or BSA, and incubated overnight at 4 °C with pri-
mary antibody. Detection was performed using ECL Western
blotting substrate (Pierce), and membranes were exposed to
film (Pierce). Values used for densitometry were obtained using
ImageLab v2.0 analysis software (Bio-Rad).

GST Pulldown Assay—Expression of GST fusion proteins
was induced in Escherichia coli DH5� using 0.5 mM isopropyl
1-thio-�-D-galactopyranoside for 3 h. Fusion proteins were
purified using glutathione-SepharoseTM 4B (GE Healthcare). 5
�g of each GST fusion protein was incubated for 3 h at 4 °C with
lysates from HEK293T cells and processed as described for
immunoprecipitation.

Animals—NephrinY3F knockin mice were generated by ho-
mologous recombination targeting mouse Tyr-1191, Tyr-1208,
and Tyr-1232 for mutation to Phe as described previously (9).
Male and female animals on the C57BL/6N background were
used between 5– 8 weeks of age, which is prior to the onset of
significant renal injury.

Nephrotoxic Serum Injury Model—Male C57BL/6N mice
(475, Charles River Laboratories Canada) aged 8 –10 weeks
were injected with 0.04 mg/g of �2 subclass sheep anti-rat
nephrotoxic serum (a gift from Dr. David Salant, Boston Uni-
versity) via tail vein injection. Prior to injection, mice were
warmed in an empty cage under a heat lamp for 15 min to
induce tail vein dilation. Spot urine samples were collected
prior to and at various times after injection. At 0, 6, or 24 h
post-injection, mice were euthanized with CO2, and both kid-
neys were removed and immediately processed for glomerular
isolation.

Study Approval—Animal studies were approved by the Uni-
versity of Guelph Animal Care Committee and carried out in
accordance with Canadian Council on Animal Care protocols.

Glomerular Isolation and Lysis—Kidneys were dissected, and
cortices were separated from the medulla, minced, and digested
by incubation with 1 mg/ml type 4 collagenase (Worthington
Biochemical) in PBS at 37 °C with 140 rpm agitation for 30 min.
Digested cortices were passed through 100-mm sterile nylon
cell strainers with chilled PBS to obtain glomeruli. Red blood
cells were lysed in sterile Ack lysis buffer (150 mM NH4Cl, 10
mM KHCO3, and 0.1 mM EDTA), and the remaining enriched
glomeruli were lysed in phospholipase C lysis buffer supple-
mented with fresh protease inhibitors as described above. Lysed
glomeruli were further subjected to sonication for 10 s on ice
before proceeding to separating soluble protein from the cell
pellet through centrifugation.

Semiquantitative Real-time RT-PCR—For mRNA isolation,
kidney cortices were dissected from mice injected for 0 or 24 h
with NTS and immediately flash-frozen and stored at �80 °C.
mRNA was isolated using the Ambion RNA isolation kit
(Thermo Fisher Scientific) and treated with DNase I (Invitro-
gen), and concentrations were measured using a Nanodrop
(Thermo Fisher Scientific). cDNA synthesis was performed on
1 �g of RNA with the Superscript II kit (Invitrogen). Real-time
RT-PCR reactions were carried out using PerfeCta SYBR Green
FastMix, Rox (Quanta Bioscience) using the StepOnePlus real-
time PCR system (Thermo Fisher Scientific). Standard curves
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were generated for all primer pairs used, and melt curves were
examined to verify the presence of a single amplicon. “No tem-
plate” controls were included in all runs. Expression differences
between time 0 and 24 h samples were calculated using the �Ct
method and corrected for primer efficiency using StepOnePlus
v2.3 software (Thermo Fisher Scientific). Differences were nor-
malized to the reference gene �2-microglobulin. The following
primer pairs were used: �2-microglobulin, GCTATCCAGAA-
AACCCCTCA (forward) and CCGTTCTTCAGCATTT-
GGAT (reverse); nephrin, CTAGTTTCCCCCAAGGTGCT
(forward) and GTCCACCCTGGATGAAGATG (reverse);
Yap1, TTTCGGCAGGCAATACGGAA (forward) and AGG-
GATCGGAACTATTGGTTGT (reverse); CCND1, GCGTAC-
CCTGACACCAATCT (forward) and CACAGACCTCCAGC-
ATCCAG (reverse); and amphiregulin, ACAGCGAGGATGA-
CAAGGAC (forward) and GCCAATAGCTGCGAGGATGA
(reverse).

Results

Nck1 and Nck2 Interact with WTIP—WTIP was identified as
a putative Nck interaction partner based on the presence of an
extensive proline-rich region (PRR) (Fig. 1A), including the
minimal consensus motif required for Nck SH3 domain bind-
ing, PXXP (where P is proline and X is any amino acid) (23).
Therefore, to validate that Nck and WTIP interact, FLAG-
tagged Nck1 or Nck2 was transiently coexpressed with GFP-
tagged WTIP or GFP alone in HEK293T cells, and cell lysates
were harvested for immunoprecipitation of GFP (Fig. 1, B and
C). The immunoblot for GFP and FLAG reveals a specific inter-
action between both Nck1 and Nck2 with WTIP-GFP but not
GFP alone.

Nck and WTIP Interact via the SH3 domains of Nck and the
PRR of WTIP—We hypothesized that the proline-binding SH3
domains of Nck would facilitate the interaction with WTIP. To
test this, Nck1 and Nck2 variants with point mutations (Fig. 2A)
inactivating the proline-binding functions of all three SH3
domains of Nck (3xSH3*) or a point mutation that inactivates
the phosphotyrosine binding function of the SH2 domain
(SH2*) were coexpressed with WTIP-GFP in HEK293T cells,
and lysates were harvested for binding assays. Co-immunopre-
cipitation of WTIP-GFP and Nck1-FLAG is detected for Nck1
WT and SH2*, but the interaction is obstructed by the 3xSH3*
mutation (Fig. 2B). Similarly, the interaction between WTIP-GFP
and Nck2-FLAG is also impaired by the 3xSH3* mutation (Fig.
2C). Therefore, at least one of the Nck SH3 domains is required to
bind WTIP, whereas the Nck SH2 domain is not required.

Because there are three potential Nck SH3 domains capable of
binding WTIP, we next sought to isolate which of these domains is
most critical for the Nck-WTIP interaction by performing binding
assays between WTIP-GFP and all possible Nck1 variants with
one, two, or three SH3 domains inactivated (Fig. 2A). Immunopre-
cipitation of GFP (WTIP) and immunoblot for FLAG (Nck1 vari-
ants) reveals that the first and third SH3 domains of Nck are pri-
marily responsible for binding to WTIP (Fig. 2D).

Furthermore, to verify the role of the PRR of WTIP in bind-
ing Nck, a deletion variant of WTIP was generated that lacks
the internal PRR, denoted as WTIP�PRR. A pulldown assay
of wild-type WTIP and WTIP�PRR using GST fused to
either the three wild-type Nck1 SH3 domains (3xSH3) or
three mutated Nck1 SH3 domains (3xSH3*) reveals that the
PRR of WTIP is required for the interaction between Nck
and WTIP (Fig. 2E).

FIGURE 1. Nck and WTIP interact. A, schematic of WTIP protein domains and motifs, including an N-terminal nuclear export signal (NES), the internal PRR, three
tandem C-terminal LIM domains, and a terminating PDZ domain binding sequence, VTEL (valine, threonine, glutamate, leucine). B and C, lysates from HEK293T
transiently co-expressing WTIP-GFP or GFP alone with Nck1-FLAG (B) or Nck2-FLAG (C) were immunoprecipitated (IP) with GFP and immunoblotted (IB) for GFP
and FLAG. WTIP-GFP, but not GFP, was able to co-immunoprecipitate Nck1-FLAG and Nck2-FLAG.
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Nck Recruits WTIP to Tyrosine-phosphorylated Nephrin—A
prominent function of Nck in podocytes is connecting nephrin
at the slit diaphragm to the underlying actin cytoskeleton.
Thus, we next investigated whether Nck could recruit WTIP to
nephrin. To test this, chimeric CD16/7-nephrin was used to
facilitate inducible phosphorylation of the nephrin intracellular
domain upon CD16 clustering (5). Cells transiently coexpress-
ing CD16/7-nephrin-GFP, Nck2-FLAG, and WTIP-HA were
stimulated with CD16 in the presence or absence of the SFK
inhibitor PP2, and lysates were harvested for immunoprecipi-
tation of GFP (CD16/7-nephrin). As reported previously (24),

CD16/7-nephrin phosphorylation induced by CD16 stimulation is
suppressed in the presence of PP2 and enhanced by overexpres-
sion of Nck2 (Fig. 3A). Accordingly, Nck recruitment to nephrin is
suppressed in the presence of PP2 (Fig. 3A). Notably, we demon-
strate that WTIP-HA coimmunoprecipitation with CD16/7-
nephrin-GFP occurs primarily when CD16/7-nephrin has been
clustered and Nck2-FLAG is overexpressed above endogenous
levels (Fig. 3A), suggesting that Nck can mediate the recruitment
of WTIP to nephrin upon nephrin phosphorylation by SFKs.

To further validate that Nck mediates recruitment of WTIP
to phosphorylated nephrin, Nck mutants that disrupt upstream

FIGURE 2. Nck and WTIP interact via Nck SH3 domains and the WTIP PRR. A, schematic of Nck1 and Nck2 variants used in binding assays to map the interaction
between Nck and WTIP, depicting point mutations and nomenclature used for inactivation of SH2 and single or multiple SH3 domains. B and C, lysates from HEK293T
transiently co-expressing WTIP-GFP with Nck1-FLAG or Nck2-FLAG WT and variants with inactivated SH2 or SH3 domains were immunoprecipitated (IP) for GFP and
immunoblotted (IB) for GFP and FLAG. The interaction between Nck1/2 and WTIP was abolished by inactivation of all three SH3 domains. D, lysates from HEK293T
transiently co-expressing WTIP-GFP with Nck1-FLAG WT and variants with single, double-, or triple-inactivated SH3 domains were immunoprecipitated for GFP and
immunoblotted for GFP and FLAG. The interaction between Nck1 and WTIP is most substantially reduced by inactivation of the first and third Nck1 SH3 domains. E,
lysates from HEK293T cells overexpressing WTIP-GFP or the deletion variant WTIP�PRR-GFP (Input) were incubated with immobilized GST fusion proteins correspond-
ing to the three WT Nck1 SH3 domains (3xSH3) or three inactivated Nck1 SH3 domains (3xSH3*). Pulldown complexes were immunoblotted for GFP, demonstrating
loss of binding between Nck1 SH3 domains and WTIP�PRR and between Nck1 3xSH3* and full-length WTIP.
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and downstream interactions were coexpressed with CD16/7-
nephrin and WTIP-HA. Nck2 3xSH3* is able to bind the intra-
cellular tail of nephrin but is unable to bind WTIP. By contrast,
Nck2 SH2* is able to bind WTIP but is unable to be recruited to
the intracellular tail of nephrin. In addition, we employed a
variant of CD16/7-nephrin in which the three Nck-binding
tyrosines are mutated to phenylalanine (Y3F) to disrupt Nck
recruitment to nephrin. Transfected cells were stimulated with
anti-CD16 antibody and harvested for immunoprecipitation of
GFP (CD16/7-nephrin). Coimmunoprecipitation of CD16/7-

nephrin-GFP and WTIP-HA only occurs when the nephrin
tyrosine residues are present and phosphorylated and when
Nck2 contains all functional SH3 and SH2 domains (Fig. 3B).

Last, to verify the phospho- and Nck dependence of WTIP
recruitment to nephrin, we generated a construct in which the
Nck2 SH3 domains were directly fused to the intracellular tail
of CD16/7-nephrinY3F (CD16/7-nephrinY3F-3xSH3). Coex-
pression of this construct with WTIP-HA rescues binding of
WTIP to CD16/7-nephrinY3F (Fig. 3C), demonstrating that
Nck links phosphorylated nephrin with WTIP.

FIGURE 3. Nck recruits WTIP to phospho-nephrin. A, lysates from HEK293T cells transiently coexpressing CD16/7-nephrin-GFP, Nck2-FLAG, and WTIP-HA
were stimulated with anti-CD16 antibody in the presence or absence of the SFK inhibitor PP2, immunoprecipitated (IP) for GFP (CD16/7-nephrin), and
immunoblotted (IB) for GFP, phospho-nephrin Tyr-1217, FLAG, and HA. Complex formation between the nephrin intracellular domain and WTIP is phospho-
and Nck-dependent. B, lysates from HEK293T cells transiently coexpressing CD16/7-nephrin-GFP, Nck2-FLAG, WTIP-HA, and variants as indicated were stim-
ulated with anti-CD16 antibody, immunoprecipitated for GFP (CD16/7-nephrin), and immunoblotted for GFP, phospho-nephrin Tyr-1217, FLAG, and HA.
Recruitment of WTIP to the nephrin intracellular domain is abolished by mutations that disrupt nephrin-Nck interaction (Y3F and SH2*) or Nck-WTIP interaction
(3xSH3*). C, the three Nck2 SH3 domains were genetically conjugated to the tail of CD16/7-nephrinY3F, and this construct (CD16/7-nephrinY3F-3xSH3) was
coexpressed with WTIP in HEK293T cells. Cells were stimulated with anti-CD16 antibody, and lysates were immunoprecipitated for GFP (CD16/7-nephrinY3F)
and immunoblotted for GFP and HA. WTIP binding to the intracellular domain of nephrinY3F is rescued by fusion of the Nck2 SH3 domains.
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WTIP Connects Nephrin to the Hippo Pathway Kinase
Lats1—WTIP negatively regulates the Hippo pathway through
binding and inhibiting Lats kinases, which in turn promotes
stabilization of Yap (13). To first assess the interplay between
WTIP, Lats and nephrin, we coexpressed CD16/7-nephrinY3F
or CD16/7-nephrinY3F-3xSH3 fusion construct with WTIP-
HA and Lats1-FLAG in HEK293T cells and harvested lysates
for immunoprecipitation of GFP (CD16/7-nephrin). Immuno-
blotting for HA and FLAG demonstrates that Lats1 is recruited
to nephrin coincident with WTIP (Fig. 4A). Furthermore,
assessment of lysates from cells coexpressing CD16/7-
nephrinY3F-GFP or CD16/7-nephrinY3F-3xSH3-GFP with
WTIP-HA and Lats1-FLAG by immunoblot for phospho-Lats
(Ser-909-active kinase) suggests that complex formation
between nephrin, WTIP, and Lats1 coincides with a significant
decrease in Lats1 phosphorylation (Fig. 4, B and C), implying
reduced Hippo pathway activation.

Nephrin Dephosphorylation Is Associated with Activation of
Lats1 and Inhibition of Yap—We next explored whether
changes in components of the Hippo pathway might correlate
with altered nephrin signaling induced by podocyte injury.
Here, we employed the �2 nephrotoxic serum (NTS) nephritis
model, in which injection of C57BL/6 mice with sheep anti-rat
glomerular antiserum induces nephrotic-range proteinuria
within 24 h after injection, which resolves by 72–96 h post-
injection (Fig. 5A) (25). Glomeruli were isolated from mice at 0,
6, or 24 h following NTS injection and processed for immuno-
blotting and subsequent densitometric quantitation (Fig. 5, B
and C). At 6 h post-NTS injection, which precedes marked pro-
teinuria, there is significantly reduced nephrin phosphorylation
on Tyr-1176/1193 compared with uninjected controls. This
reduction in nephrin phosphorylation is coincident with a sig-
nificant increase of Lats1 phosphorylation on Ser-909 and a
concomitant rise in Yap phosphorylation on Ser-127. By 24 h

FIGURE 4. WTIP links nephrin to Lats1 inhibition. A, lysates from HEK293T cells coexpressing CD16/7-nephrinY3F or CD16/7-nephrinY3F-3xSH3 with Lats1-
FLAG in the presence or absence of WTIP-HA were stimulated with anti-CD16 antibody, immunoprecipitated (IP) for GFP, and immunoblotted (IB) for GFP,
FLAG, and HA. Lats1 binds the CD16/7-nephrinY3F-3xSH3 fusion protein but not CD16/7-nephrinY3F alone upon coexpression of WTIP. B, immunoblot of
equivalent lysates from the third and fourth lanes of A with phospho-Lats1 Ser-909 shows a decrease in Lats1 activation upon complex formation between
CD16/7-nephrinY3F-3xSH3, WTIP, and Lats1. C, densitometry of B, showing a statistically significant 2.4-fold reduction of Lats1 phosphorylation on Ser-909
coincident with complex formation between CD16/7-nephrinY3F-3xSH3, WTIP, and Lats1 (n � 4). **, p � 0.01.
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post-NTSinjection,whenproteinuria ismaximal,nephrinphos-
phorylation remains significantly lower than in control ani-
mals. Intriguingly however, although phospho-Lats1 Ser-909
has returned back to baseline at this time point, phospho-Yap
Ser-127 remains significantly elevated, and there is a marked
reduction in total Yap levels, consistent with the notion that phos-
phorylation of Yap on Ser-127 triggers its degradation (14).

To determine whether this loss of Yap protein affected its
transcriptional activity, we isolated mRNA from the kidney
cortex of NTS-injected mice and controls and used quantitative
PCR to examine transcript levels of several Yap target genes. At
24 h post-injection, we noted a marked decrease in expression
of amphiregulin (AREG) and cyclin D1 (CCND1) (Fig. 5D). As
expected, no significant changes were observed in nephrin or

Yap mRNA levels. Overall, the NTS model of transient podo-
cyte injury demonstrates temporally regulated Lats1 activa-
tion and Yap down-regulation coincident with nephrin
dephosphorylation.

Loss of Nephrin-Nck Signaling Leads to Reduced Yap
Protein—The striking reduction in glomerular Yap expres-
sion in the NTS model prompted us to examine whether this
protein would be similarly altered in mice with chronic loss
of tyrosine phosphorylated nephrin. Here, we used homozy-
gous nephrinY3F mice, which harbor knockin mutations in the
three Nck binding sites and thus cannot initiate nephrin-Nck
signaling, leading to foot process effacement and proteinuria
(9). Compared with WT littermates, which retain nephrin phos-
phorylation on the Nck binding sites, glomeruli from

FIGURE 5. The Hippo signaling pathway is activated in a podocyte injury model. A, Coomassie-stained SDS-PAGE gel of urine collected from mice injected with
NTS at the indicated time points. Proteinuria peaked at 24 h post-injection, and animals recovered by 72–96 h post-NTS injection. B, representative immunoblots (IB)
of glomerular lysates from mice injected with NTS at 0, 6, or 24 h for phospho- and total nephrin, Lats1, and Yap as well as GAPDH as a loading control. C, densitometry
of B, showing statistically significant phospho-dynamics for nephrin, Lats1, and Yap as well as changes in total Yap levels in glomeruli of mice injected with NTS (n �
3, except for Yap/GAPDH at 24 h, where n � 7). *, p � 0.05; **, p � 0.01. D, quantitative RT-PCR results comparing transcript levels of cyclin D1 (CCND1), amphiregulin
(AREG), Yap, and nephrin in kidney cortices from mice injected with NTS for 24 h or uninjected controls (n � 2, except for CCND1, where n � 3). *, p � 0.05.
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nephrinY3F mice display significantly reduced total Yap protein
as well as elevated Yap phosphorylation on Ser-127 relative to
total Yap (Fig. 6, A and B). We thus conclude that nephrin
phospho-signaling directly regulates stabilization of the key
Hippo pathway effector Yap.

Discussion

In summary, we have identified a novel Nck binding partner,
WTIP, and showed that, through its interaction with Nck, it is
recruited to the critical podocyte slit diaphragm molecule
nephrin. To date, the association of nephrin and Nck has been
ascribed functional significance primarily as a signaling inter-
action upstream of N-WASp and actin assembly (5, 26). Here,
we extend this interactome to reveal that Nck is capable of
using its SH2 and SH3 domains to bridge phospho-nephrin to
WTIP. WTIP was first identified through its association with
the podocyte-specific transcription factor WT1 (11). In cul-
tured podocytes, WTIP is localized within the cytoplasm at
cell-cell adhesion sites, where it is proposed to modulate actin
dynamics (27), similar to Nck. However, in response to injury,
WTIP translocates to the nucleus, where it suppresses WT1-
dependent transcriptional activation of target genes such as
amphiregulin (11, 12). The physiological significance of WTIP
as a negative regulator of WT1 is unclear, largely because of
limited information regarding the genes controlled by WT1.
Recently however, a comprehensive genome-wide WT1 tran-
scriptional network analysis has revealed that WT1 is involved in
driving the expression of numerous Hippo constituents in podo-
cytes (28), implicating a central role for WT1 in Hippo signaling.

WTIP associates with the core Hippo kinases Lats1/2 (13),
presumably via its LIM domains (13, 29), and we have now
shown that Nck-mediated binding of the WTIP-Lats1 complex
to nephrin sequesters Lats1 from phospho-activation. These
findings are consistent with a previous report showing that
Lats1 is not highly active in cultured podocytes (18). However,
dephosphorylation of nephrin on the Nck binding sites, as

observed here upon nephrotoxic serum-mediated injury in
mice, triggers rapid activation of Lats1 and subsequent phos-
phorylation and degradation of Yap, coincident with maximal
proteinuria. This reduction in Yap protein expression is accom-
panied by a decrease in Yap target gene expression, which also
includes amphiregulin, further solidifying the link between
WT1 and the Hippo pathway.

Activation of the Hippo pathway in cultured podocytes
through enhanced Lats1 kinase activity and inhibition of Yap is
associated with increased susceptibility to apoptotic stimuli
(17, 18). Moreover, podocyte-specific deletion of Yap in mice
leads to foot process effacement, podocyte depletion, and pro-
teinuria, and Yap protein is decreased in the glomeruli of
patients with focal segmental glomerulosclerosis (FSGS) (19).
Intriguingly, we observe decreased Yap protein levels in
glomeruli of homozygous nephrinY3F mice, which have dis-
rupted phospho-nephrin signaling and comparable adult-
onset renal damage (9). These data provide strong in vivo
evidence identifying nephrin as a novel upstream regulator
of the Hippo pathway, and they suggest that this relationship
may be important for preservation of podocytes and filtra-
tion barrier function.

Hippo pathway activation is reciprocally regulated by the
actin cytoskeleton (16), and there is evidence in podocytes that
actin disassembly induces phosphorylation of Lats and Yap
(18). In addition, TEAD transcription factors, which are down-
stream of Yap, are involved synergistically with WT1 in regu-
lating the expression of cytoskeleton-regulating genes in podo-
cytes (28). Furthermore, from our nephrinY3F mice, we posit
that nephrin tyrosine phosphorylation and dynamic recruit-
ment of actin-regulating molecules such as Nck facilitate adap-
tive tethering to the underlying actin cytoskeleton to promote
podocyte viability (9). Together with the findings presented
here, a model is emerging in which phosphorylated nephrin and
Nck recruit WTIP and Lats1 to the slit diaphragm, where Lats1

FIGURE 6. Reduced Yap expression in glomeruli of nephrinY3F mice. A, representative immunoblot (IB) of phospho- and total nephrin and Yap in glomeruli
isolated from nephrinY3F (Y3F) mice and control (WT) littermates. B, densitometry of A, showing a 2.6-fold increase in phospho-Yap/Yap in nephrinY3F glomeruli
compared with wild-type controls and a 2.2-fold decrease in Yap/GAPDH (n � 5). **, p � 0.01.

Nephrin Regulates Hippo through Nck and WTIP Adaptors

12806 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 24 • JUNE 10, 2016



is suppressed and Yap is active within the nucleus (Fig. 7). This
mechanism of Lats1 inhibition is similar to the model proposed
in Drosophila, wherein the homologues of WTIP and Lats1 are
recruited to cadherin at the membrane (30). Nephrin dephos-
phorylation leads to disassembly of the Nck-WTIP-Lats1 com-
plex, prompting Lats activation, Yap phosphorylation, and deg-
radation. Nephrin thus serves as a central regulator to stabilize
the podocyte actin cytoskeleton and promote anti-apoptotic
signaling.

In closing, it has been widely hypothesized that nephrin must
be involved in sensing and responding to mechanical signals
induced by fluctuating glomerular hemodynamic forces (31).
We now present WTIP as a molecular bridge, integrating
nephrin phospho-signaling at the slit diaphragm with the
Hippo kinase cascade. These findings support the burgeon-
ing role of Hippo signaling in mechanosensing, and they
have implications for our understanding of podocyte plastic-
ity and how integrity of the kidney filtration barrier is
maintained.
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