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Abstract

Glomerular podocytes are instrumental for the barrier function of the kidney, and podocyte injury 

contributes to proteinuria and the deterioration of renal function. Protein tyrosine phosphatase 

1B (PTP1B) is an established metabolic regulator, and the inactivation of this phosphatase 

mitigates podocyte injury. However, there is a paucity of data regarding the substrates that 

mediate PTP1B actions in podocytes. This study aims to uncover novel substrates of PTP1B 

in podocytes and validate a leading candidate. To this end, using substrate-trapping and mass 

spectroscopy, we identified putative substrates of this phosphatase and investigated the actin 

cross-linking cytoskeletal protein alpha-actinin4. PTP1B and alpha-actinin4 co-localized in murine 

and human glomeruli and transiently transfected E11 podocyte cells. Additionally, podocyte 

PTP1B deficiency in vivo and culture was associated with elevated tyrosine phosphorylation 

of alpha-actinin4. Conversely, reconstitution of the knockdown cells with PTP1B attenuated 

alpha-actinin4 tyrosine phosphorylation. We demonstrated co-association between alpha-actinin4 

and the PTP1B substrate-trapping mutant, which was enhanced upon insulin stimulation and 

disrupted by vanadate, consistent with an enzyme-substrate interaction. Moreover, we identified 

alpha-actinin4 tandem tyrosine residues 486/487 as mediators of its interaction with PTP1B. 

Furthermore, knockdown studies in E11 cells suggest that PTP1B and alpha-actinin4 are 

modulators of podocyte motility. These observations indicate that PTP1B and alpha-actinin4 are 
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likely interacting partners in a signaling node that modulates podocyte function. Targeting PTP1B 

and plausibly this one of its substrates may represent a new therapeutic approach for podocyte 

injury that warrants additional investigation.
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phosphorylation; cell motility

Introduction

The glomerulus is the kidney’s core filtration unit, and glomerular dysfunction contributes 

to proteinuria and kidney disease. Podocytes are specialized cells crucial for glomerular 

filtration barrier function and structural integrity [1, 2]. Podocytes exhibit unique 

morphology where interdigitating foot processes generate a specific intercellular junction 

termed the slit diaphragm [3, 4]. Many components of the slit diaphragm are anchored to 

the cytoskeleton, and podocyte injury disrupts the cytoskeleton leading to loss of filtration 

barrier integrity (reviewed in ref. [5]). In humans, several mutations in podocyte-specific 

genes result in congenital or familial proteinuria and often lead to end-stage renal failure [6]. 

Therefore, deciphering the molecular mechanisms that modulate podocyte architecture and 

injury is desirable and of translational relevance.

Alpha-actinins (ACTNs) are a conserved family of actin cross-linking cytoskeletal proteins 

implicated in myriad cellular functions, including cytoskeletal remodeling [7–9]. Alpha-

actinins contain three distinct modules: an N-terminal actin-binding domain, four spectrin-

like repeats, and a C-terminal calmodulin-binding domain, with the spectrin-like repeats 

forming antiparallel homodimers that cross-link actin filaments [10, 11]. In humans, four 

alpha-actinins are described with actinin1 and actinin4 ubiquitously expressed [12]. In 

particular, alpha-actinin4 is highly expressed in podocytes and significantly contributes to 

podocyte architecture [13, 14]. Notably, mutations in the ACTN4 gene are responsible for 

a highly penetrant, autosomal dominant form of familial focal segmental glomerulosclerosis 

(FSGS) in humans [15–17]. On biopsy, this disorder exhibits the typical light microscopy 

and ultrastructural changes, namely focal and segmental glomerular scarring and diffuse 

podocyte foot process effacement, with the additional distinctive finding of electron-dense 

aggregates within the podocytes [18]. Transgenic mice overexpressing the alpha-actinin4 

K256E mutant (analogous to the FSGS-causing mutation in humans) exhibit spontaneous 

albuminuria and podocyte foot enfacement (reviewed in ref. [14]). Additionally, alpha-

actinin4 influences podocyte adhesion and regulates the actin cytoskeleton interaction with 

the plasma membrane [19, 20]. Indeed, alpha-actinin4 mutations disrupt the cytoskeleton 

and compromise the podocyte’s ability to handle the demands of the glomerular milieu 

[21, 22]. Moreover, post-translational modifications to alpha-actinin4, such as tyrosine 

phosphorylation downstream from receptor protein tyrosine kinases (RTKs) [23, 24], is 

critical for stress fiber establishment, maintenance, and focal adhesion maturation [25]. 

As tyrosine phosphorylation is readily reversible, we expect this cellular function to 
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be modulated bidirectionally, but the tyrosine phosphatase(s) that regulate alpha-actinin4 

phosphorylation in podocytes is not currently known.

The prototypical protein tyrosine phosphatase 1B (PTP1B; encoded by Ptpn1) is a 

ubiquitously expressed non-receptor phosphatase that is anchored on the cytoplasmic 

surface of the endoplasmic reticulum (ER) [26, 27]. PTP1B regulates many aspects of 

signaling by selectively engaging diverse substrates and pathways (reviewed in refs. [28, 

29]). Notably, PTP1B is a recognized regulator of metabolism in vivo and a therapeutic 

target for obesity and type 2 diabetes (reviewed in refs. [30, 31]). Several lines of 

evidence implicate podocyte PTP1B in renal function and suggest that pharmacological 

inhibition of this phosphatase may have therapeutic potential for proteinuric diseases. 

Whole-body PTP1B disruption in mice attenuates complement-mediated glomerular injury 

[32]. Additionally, podocyte-specific PTP1B disruption mitigates proteinuria induced by 

adriamycin and lipopolysaccharide [33] and ameliorates hyperglycemia-induced renal injury 

[34]. Moreover, nephrin, a key component for filtration barrier integrity, is a PTP1B 

substrate [35]. Furthermore, the insulin receptor (IR), an RTK, is a bona fide substrate 

of PTP1B and a significant regulator of podocyte function in vivo [36]. Indeed, PTP1B 

antagonizes insulin signalin, at least in large part, by dephosphorylation of the critical 

tyrosine residues on IR [29]. However, these pathways do not fully account for PTP1B 

actions in podocytes. This study deployed biochemical, genetic, and cellular approaches to 

identify novel putative substrates of PTP1B in podocytes and validated a leading candidate, 

alpha-actinin4.

Materials and Methods

Reagents.

RPMI1640, Opti-MEM, penicillin/streptomycin, puromycin, hygromycin, fetal bovine 

serum (FBS), and trypsin were purchased from Invitrogen. The recombinant insulin solution 

(Humulin R, U-100) was from Eli Lilly and Company. Antibodies for phospho-tyrosine 

(4G10) and human PTP1B (hPTP1B, FG6) from EMD Millipore; phospho-tyrosine (PY99), 

PTP1B, green fluorescent protein (GFP), Synaptopodin, and Actin from Santa Cruz 

Biotechnology; alpha-actinin4 from Cell Signaling Technology; mouse PTP1B (mPTP1B) 

from R & D Systems. The HRP-conjugated secondary antibodies were purchased from 

Bio-Rad Laboratories. De-identified human kidney biopsies were provided by Dr. Jen (UC 

Davis Medical Center).

Cell culture.

We cultured the E11 murine kidney podocyte cells (Cell Lines Service) at 33°C in RPMI 

medium supplemented with 2mM L-glutamine and 10% FBS and induced to differentiate by 

culturing at 37°C for 14 days [37]. PTP1B knockdown (KD) was performed as previously 

described [38, 39]. PTP1B knockdown cells were reconstituted with wild-type human 

PTP1B (KD-WT) or the substrate-trapping human PTP1B D181A mutant (KD-D/A), and 

cell lines were generated by hygromycin (400μg/mL) selection as described [40]. Alpha-

actinin4 silencing was achieved using ON-TARGET plus siRNAs-Mouse (GE Dharmacon, 

10nM) with Hiperfect (Qiagen) according to manufacturer’s instruction. To express eGFP-
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ACTN4 WT and Y486/487F for immunofluorescence staining, cells were co-transfected with 

ACTN4 siRNA (10nM, to decrease the endogenous alpha-actinin4) and 4μg plasmids of 

eGFP-ACTN4 constructs by Lipofectamine 3000 (Invitrogen) following the manufacturer’s 

guidelines. Briefly, cells were seeded in 6cm culture plates at a density of 2.0 × 104 

cells/cm2 and cultured in antibiotic-free RPMI1640. Cells were incubated with transfection 

complexes for 6 hours in Opti-MEM. Media were changed 6 hours after transfection, 

and cells were used following an additional 42 hours of incubation under normal growth 

conditions. For insulin stimulation, knockdown and reconstituted podocytes were starved 

overnight in RPMI medium without FBS then incubated with 10nM insulin, and the cell 

lysates were collected at the times as indicated in the figures. For the scratch migration 

assay, E11 cells were serum starved overnight, and the wound was generated using a 

200μL pipette tip. Cells were incubated in RPMI medium (10% FBS) for additional 48 

hours. Images were acquired using Olympus BX51 microscope at 0, 24, and 48 hours. Cell 

migration was quantitated by the manual counting of the cells in the wound.

Biochemical analyses.

Frozen tissues were ground in liquid nitrogen and then lysed using 

radioimmunoprecipitation assay (RIPA) buffer (10mM Tris-HCl pH 7.4, 150mM NaCl, 

0.1% sodium dodecyl sulfate, 1% Triton X-100, 1% sodium deoxycholate, 5mM EDTA, 

20mM NaF, 2mM sodium orthovanadate, and protease inhibitors). For the substrate-

trapping studies, we lysed the E11 cells in Nonidet P-40 buffer (10mM Tris-HCl pH 

7.4, 150mM NaCl, 1% IGEPAL™ CA-630) with protease inhibitors (without sodium 

orthovanadate). Additionally, cell lysates prepared using RIPA buffer or including sodium 

orthovanadate (2mM) served as negative controls. Protein concentrations were determined 

by a bicinchoninic acid protein assay kit (BCA, Pierce Chemical), then resolved using 

SDS-PAGE and transferred to PVDF membranes. To do the immunoprecipitation (IP) and 

substrate-trapping experiments, total lysates with equal protein amounts were incubated with 

the primary antibodies, followed by the protein A/G magnetic beads (EMD Millipore). 

The immune complexes on protein A/G magnetic beads were washed and eluted. 

Immunoblotting was performed using the indicated primary antibodies. After incubation 

with secondary antibodies, the proteins were visualized using enhanced chemiluminescence 

(HyGLO; Denville Scientific). Immunoblotting images were further quantified by the 

FluorChem 9900 program (Alpha Innotech). For site-directed mutagenesis, cDNA of alpha-

actinin4 tagged by eGFP at the C-terminus (eGFP-ACTN4 WT), 4/31 Y/F, and 265 

Y/F mutants were provided by Dr. Wells (University of Pittsburgh) [23]. Additionally, 

mutation of alpha-actinin4 tyrosine 468/487 residues to phenylalanine was performed using 

a QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies) following the 

manufacturer’s instructions and confirmed by DNA sequence analysis.

LC-MS/MS mass spectrometry.

We differentiated the KD-D/A cells, starved them overnight, then stimulated with insulin 

as described before [34]. hPTP1B was immunoprecipitated from the cell lysates prepared 

with Nonidet P-40 or RIPA buffer. Proteins were resolved by SDS-PAGE, and the gel was 

stained using Instant Blue (Expedeon). The 60, 70, 80, 100, and 170 kDa bands from 10- 

and 20- minutes insulin stimulation were excised and subjected to in-gel trypsin digestion 
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for peptides release. Tryptic peptides were separated by an integrated reverse-phase 

chromatography system (Easy-nLC, Proxeon Biosystems) and then analyzed on a Linear 

Quadrupole ION Trap/Finnigan Polaris Q Mass Spectrometer (Thermo Fisher Scientific). 

The tandem mass spectra were converted by ReadW.exe program using a centroid mode, 

and peptide sequences were matched by X!Tandem algorithm against the mouse database 

from the International Protein Index. Also, we used Scaffold (Proteome Software) to validate 

MS/MS-based peptide and protein identifications as described [41].

Protein expression and purification.

PTP1B construct (residue: 1–321) containing an N-terminal His6-tag (vector: pMCSG7) 

was transformed into E.Coli BL21 (DE3) strain. Cells were grown in Luria broth medium 

containing selective antibiotics at 37°C to an OD600 of ~0.6. Subsequently, 1mM Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) was added to induce expression. Afterward, the 

temperature of the incubator was reduced to 18°C, and expression was continued overnight. 

Cells were harvested by centrifugation at 6000 RPM for 20 min using JLA 8.1 rotor in an 

Avanti J-26-XPI Centrifuge.

To purify the protein, harvested cells were dissolved in lysis buffer containing 50 mM 

Tris-HCl pH 7.4, 500mM NaCl, 5% Glycerol, and protease inhibitor cocktail tablet (EDTA 

free). Cells were lysed by TS-series cell disrupter (Constant System Ltd.). Lysates were 

centrifuged at 20000 RPM for 30 minutes at 4°C using JA 25.5 rotor in an Avanti J-26-XPI 

Centrifuge. Supernatants were collected and mixed with 5mL of Ni-NTA resins for ~2 hours 

at 4°C on a rotating shaker. Resins were washed with 100mL of wash buffer containing 

50mM Tris-HCl pH 7.4, 500mM NaCl, 5% Glycerol, and 25mM Imidazole. Bound proteins 

from Ni-NTA resins were eluted by elution buffer consisting of 50 mM Tris-HCl pH 7.4, 

500mM NaCl, 5% Glycerol, and 350mM Imidazole. Eluents from Ni-NTA resins were 

dialyzed overnight in the presence of TEV protease to remove N-terminal His-tag against 3L 

of dialysis buffer containing 50mM Tris-HCl pH 7.4, 500mM NaCl, 5% Glycerol, and 0.5 

mM TCEP, at 4°C. After dialysis, reverse Ni-NTA purification was performed to separate 

the proteins without tag from the proteins containing a tag. The flowthrough of reverse Ni-

NTA, containing proteins without tag, was applied to size exclusion chromatography (SEC) 

for further purification. For SEC, a HiLoad Superdex 200 16/600 column (GE Healthcare) 

was used. Before applying proteins, the column was equilibrated with a buffer consisting of 

50mM Tris-HCl pH 7.4, 150mM NaCl, and 10mM DTT.

Peptide Synthesis.

All alpha-actinin4 derived mono-phospho-tyrosine peptides (ELDpYYDSHN and 

ELDYpYDSHN), and di-phospho-tyrosine peptide (ELDpYpYDSHN) were synthesized by 

the Peptide Synthesis Core Facility at the Institute of Biological Chemistry, Academia 

Sinica, Taiwan. After synthesis, the final purity of the peptides was determined to be ≥90% 

based on HPLC and mass spectrometry analysis.

Enzyme kinetic assay.

The rate of dephosphorylation of PTP1B (residue 1–321) against mono-phospho-tyrosine 

(ELDpYYDSHN or ELDYpYDSHN) and di-phospho-tyrosine (ELDpYpYDSHN) peptides 
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was monitored in the assay buffer containing 50mM Tris-HCl pH 7.4, 150mM NaCl, 

and 1mM DTT. Lyophilized powder of all synthetic peptides was dissolved in DMSO to 

generate a stock solution at 5mM. For the kinetic assay, the concentration of the enzyme 

(PTP1B) was fixed at 1nM while the substrate (phosphopeptides) concentrations varied from 

2.5μM to 160μM in a total reaction volume of 200μL. The reaction mixture was incubated 

at 30°C for 30 min, then stopped by the addition of 30μL phosphate reagent (phosphate 

colorimetric assay kit; Bio Vision) following the manufacturer’s instructions. Data were 

normalized and fitted using a nonlinear curve. The kinetics parameters (KM and kcat) were 

calculated from the Michaelis-Menten equation using Graph Pad Prism 9.0. All data points 

in the enzyme kinetics experiment were measured in triplicate, and the experiments were 

repeated three times independently.

Mouse studies.

PTP1B floxed (Ptpn1fl/fl) mice [42] were bred to podocin-Cre transgenic mice (Jackson 

Laboratories) to generate mice with podocyte-specific PTP1B disruption as described [32–

34]. All mice studied were age-matched and maintained on a 12-hour light-dark cycle in 

a temperature-controlled facility, with free access to water and standard laboratory chow 

(Purina lab chow, # 5001). For the high-fat diet (HFD) studies, 8 weeks old male mice 

were fed HFD (60% kcal from fat, # D12492, Research Diets) for 25 weeks. For the 

streptozotocin (STZ) challenge, male mice (8–12 weeks old) were injected intraperitoneally 

(IP) with STZ (Amresco) at 160μg/g body weight and sacrificed at 13 weeks post-injection. 

For insulin stimulation, overnight fasted male mice were intraperitoneal injected with insulin 

(10mU/g body weight), and animals were sacrificed after 10 min. All mouse studies 

were approved by the Institutional Animal Care and Use Committee at the University of 

California, Davis.

Histology and immunofluorescence.

Kidneys from mice fed standard laboratory chow, a HFD, or treated with STZ were fixed 

in 4% paraformaldehyde/PBS and embedded in paraffin. Human and mouse kidney sections 

were deparaffinized/rehydrated in xylene/graded ethanol. For E11 cell staining, the cultured 

on coverslips were fixed with 100% ice-cold methanol for 10 minutes. Samples were 

blocked with 3% BSA/PBS for 1 hour at room temperature and incubated with primary 

antibodies for alpha-actinin4, hPTP1B, PTP1B, GFP, and Synaptopodin at 4°C overnight. 

Then appropriate Alexa Fluor-conjugated secondary antibodies (Thermo Fisher Scientific; 

488-anti-rabbit, 555-anti-goat, 555-anti-mouse, 647-anti-mouse) were incubated at room 

temperature for 1 hour. Finally, samples were mounted with Mowiol (Sigma) solution and 

examined using Olympus FV1000 confocal microscope.

Statistical analyses.

Data were expressed as means + standard error of the mean (SEM). Statistical analyses 

were performed by the SPSS program (IBM) to compare differences between groups using 

one-way ANOVA with the Tukey post hoc test. Differences were considered significant at 

p≤0.05.
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Results

Identification of putative substrates of PTP1B in podocytes.

Comprehensive and unbiased determination of PTP1B substrates is instrumental for 

deciphering the role of this phosphatase in podocytes. To this end, we used the substrate-

trapping approach that entails mutating the catalytic acid (Asp181 in PTP1B, rendering a 

stable interaction of the mutant enzyme and its substrate) that is conserved in all members 

of the PTP family [43]. Briefly, we generated E11 podocyte cell lines by reconstituting 

the PTP1B knockdown (KD) cells [34] with the shRNA-resistant human (h) PTP1B wild-

type (KD-WT) and substrate-trapping mutant (D181A; KD-D/A) (Figure 1A). Immunoblots 

demonstrated PTP1B deficiency in the knockdown cells and expression in the reconstituted 

podocytes (Figure 1B). Additionally, cells with PTP1B knockdown did not exhibit an 

apparent compensatory increase in the expression of the closely-related T-cell protein-

tyrosine phosphatase [44]. To identify putative PTP1B substrates, we immunoprecipitated 

hPTP1B from the 14 days-differentiated KD-D/A cells under basal and insulin stimulation, 

resolved using SDS-PAGE, then immunoblotted for phospho-tyrosine. Upon insulin 

stimulation, we detected hyper-phosphorylated proteins in NP40-lysed podocytes (at about 

60, 70, 80, 110, and 170 kDa) that likely corresponded to the “trapped” putative PTP1B 

substrates (Figure 1C). The insulin-induced tyrosine phosphorylation was diminished using 

RIPA, with the stringent lysis conditions likely disrupting the co-association of PTP1B 

D/A and its targets. In a parallel experiment, we stained a comparable gel with Instant 

Blue, excised the bands corresponding to the hyper-phosphorylated proteins, and subjected 

them to mass spectrometry as detailed in the methods. We identified several novel putative 

substrates of PTP1B in addition to others that were previously reported, such as cortactin 

[45] (Figure 1D). We employed several criteria to select a candidate for validation, including 

the total spectrum counted by the mass spectrometer, the target’s tyrosine residue(s) 

and their reported impact on function, sub-cellular localization, and the proposed role in 

podocytes. Accordingly, the actin cross-linking cytoskeletal protein alpha-actinin4 emerged 

as one of the leading candidates for further analyses.

Alpha-actinin4 interacts with PTP1B.

To investigate if alpha-actinin4 is a substrate of PTP1B in podocytes, we initially 

examined the localization and association of these proteins and then determined the 

impact of PTP1B deficiency on alpha-actinin4 tyrosine phosphorylation. Accordingly, we 

evaluated the expression of PTP1B and alpha-actinin4 in human and murine glomeruli 

using immunofluorescence. Confocal images of kidney sections co-immunostained for 

endogenous alpha-actinin4 and PTP1B demonstrated partial co-localization in human 

and murine glomeruli (Figure 2A, B). Additionally, PTP1B immunoreactivity was likely 

elevated under STZ- and HFD-induced hyperglycemia (Figure 2B). Having demonstrated 

co-localization in the glomeruli, next, we monitored the effects of PTP1B deficiency in 

E11 cells and in vivo on alpha-actinin4 tyrosine phosphorylation. Using E11 cells with the 

knockdown and reconstituted expression of PTP1B, we immunoprecipitated alpha-actinin4 

under basal and insulin stimulation and then immunoblotted for phospho-tyrosine. Indeed, 

alpha-actinin4 tyrosine phosphorylation was elevated in the cells with PTP1B knockdown 

and D/A reconstitution (Figure 3A). Moreover, we evaluated alpha-actinin4 phosphorylation 
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in control (Ctrl; Ptpn1fl/fl) mice and those with podocyte-specific PTP1B disruption (pod-

PTP1B KO; Ptpn1fl/fl Pod-cre+) under basal and insulin stimulation. We fasted mice 

overnight to lower their insulin to the basal level, then injected saline or insulin and 

sacrificed them after 10 minutes. Subsequently, we immunoprecipitated alpha-actinin4 from 

the kidney lysates and immunoblotted for phospho-tyrosine. Notably, insulin stimulation 

elevated alpha-actinin4 tyrosine phosphorylation in both genotypes but to a significantly 

greater extent in mice with PTP1B disruption (Figure 3B). Next, we examined the 

interaction of these proteins using the substrate-trapping approach. We immunoprecipitated 

hPTP1B from the KD-D/A cells under basal and insulin stimulation and then immunoblotted 

for alpha-actinin4. We detected minimal co-association of alpha-actinin4 and PTP1B D/A at 

the basal state, but that was robustly enhanced upon insulin stimulation (10 and 20 minutes) 

(Figure 3C). Significantly, treatment with vanadate abrogated the co-association consistent 

with an enzyme-substrate interaction that is mediated by the phosphatase’s catalytically 

active site. Taken together, the co-localization of these proteins, the elevated tyrosine 

phosphorylation of alpha-actinin4 upon PTP1B deficiency, and the substrate-trapping 

observations are in keeping with alpha-actinin4 being a substrate for this phosphatase.

Alpha-actinin4 tandem tyrosine-phosphorylated motif mediates the interaction with 
PTP1B.

Having demonstrated the co-association of alpha-actinin4 and PTP1B, we aimed to identify 

the motif(s) in the former that mediate the interaction. Alpha-actinin4 contains twenty-five 

tyrosine residues, including tandem residues 486–487 (D-Y-Y-D) that are evolutionarily 

conserved among several species (Figure 4A). Compelling evidence demonstrates a higher 

affinity of PTP1B for tandem pTyr-containing peptides than mono-pTyr derivatives and 

highlights the sequence E/D-pY-pY-R/K as important for substrate recognition [46]. Using 

a tyrosine (Y) to phenylalanine (F) mutagenesis approach, we determined the effect 

of mutating key alpha-actinin4 tyrosine residues (Y4/31F, and Y265F) [23, 47] and the 

tandem residues (Y486/487F) on its interaction with PTP1B. To this end, we transfected 

KD-D/A cells with eGFP-alpha-actinin4 wild-type (WT) and mutants (Y4/31F, Y265F, and 

Y486/487F), stimulated with insulin, then immunoprecipitated hPTP1B and immunoblotted 

for GFP. Insulin stimulation induced a robust co-association between PTP1B D/A and 

alpha-actinin4 WT, Y4/31F, and Y265F, but not Y486/487F (Figure 4B). Additionally, we 

used confocal imaging to monitor the co-localization. Briefly, we co-transfected KD-D/A 

cells with eGFP-alpha-actinin4 WT and Y486/487F, then assessed localization under basal 

and insulin stimulation. In keeping with observations from the biochemical studies, 

insulin induced the co-localization of PTP1B D/A and alpha-actinin4 WT, but that was 

diminished with the Y486/487F mutant (Figure 4C). Furthermore, to substantiate the 

direct interaction of alpha-actinin4 with PTP1B through the tandem tyrosine-phosphorylated 

motif, we performed an enzyme kinetic assay in vitro. The mono-phospho-tyrosine peptide 

(ELDpYYDSHN or ELDYpYDSHN) and di-phospho-tyrosine peptide (ELDpYpYDSHN) 

were incubated with the purified PTP1B (residues 1–321) as detailed in the methods. 

As expected, PTP1B dephosphorylated all phospho-tyrosine peptides following Michaelis-

Menten kinetics (Figure 4D), suggesting an enzyme-substrate interaction. The kinetic 

parameters deduced by fitting the Michaelis-Menten equation showed nearly similar kcat 

for all three peptides. However, the KM for di-phospho-tyrosine peptide was ~3-fold lower 
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than mono-phospho-tyrosine peptides, suggesting a higher affinity of PTP1B towards the 

tandem tyrosine-phosphorylated alpha-actinin4 (Figure 4E). Similarly, the kcat/KM for the 

di-phospho-tyrosine peptide was found ~3 fold higher than the mono-phospho-tyrosine 

peptides (Figure 4E). These results highlight that the di-phospho-tyrosine peptide of alpha-

actinin4 is a preferred target of PTP1B. Altogether, these findings demonstrate that alpha-

actinin4 tandem tyrosine residues 486/487 contribute to the interaction with PTP1B.

Alpha-actinin4 and PTP1B modulate podocyte motility.

To delineate the potential contributions of alpha-actinin4 and PTP1B to podocyte functions, 

we determined the impact of their silencing on podocyte motility. Briefly, we performed 

siRNA-mediated knockdown of alpha-actinin4 in cells with PTP1B knockdown and 

reconstitution and then monitored alterations in motility. Of note, cells with alpha-actinin4 

knockdown did not exhibit altered expression of the related alpha-actinin1 (data not shown). 

We evaluated the effects of knockdown on podocyte motility using the wound healing assay 

as detailed in the methods. We observed a significantly lower number of PTP1B-deficient 

cells in the wound (at 24 and 48 hours) compared with the PTP1B-reconstituted cells 

suggesting that the deficiency of this phosphatase diminished podocyte motility (Figure 

5A). On the other hand, alpha-actinin4 knockdown in the PTP1B reconstituted cells was 

associated with a higher number of cells in the wound (at 24 and 48 hours) but did not 

significantly impact cells with PTP1B deficiency. These observations suggest that PTP1B 

and alpha-actinin4 are components of a signaling mode that likely affects podocyte motility 

(Figure 5B).

Discussion

The present study investigates the molecular underpinnings of PTP1B action in podocytes 

and suggests that this phosphatase may engage multiple targets to modulate podocyte 

function. Indeed, the substrate-trapping studies identified several putative mediators of 

PTP1B action. Herein, we validated one of the leading candidates, the actin cross-linking 

protein alpha-actinin4, and reported that PTP1B and alpha-actinin4 are likely interacting 

partners in a signaling node that affects podocyte function. Targeting PTP1B and plausibly 

this one of its substrates may represent a new approach for alleviating podocyte injury.

Multiple observations are in keeping with alpha-actinin4 being a likely substrate of PTP1B 

in podocytes. 1) Substrate trapping and mass spectroscopy identified alpha-actinin4 as a 

leading putative PTP1B target in podocytes (Figure 1). Compelling evidence establishes 

the utility of the substrate trapping approach for identifying PTP1B substrates [39, 43, 45, 

48–51]. Of note, cortactin, a reported substrate of this phosphatase [45], was identified in 

the current screen, further supporting the validity of this approach. 2) Endogenous PTP1B 

and alpha-actinin4 partially co-localized in the human and murine glomeruli (Figure 2). 

Additionally, insulin enhanced the co-association and co-localization of exogenous PTP1B 

D/A and alpha-actinin4 in E11 cells, concomitant with increased tyrosine phosphorylation 

of the latter (Figures 3C and 4C and data not shown). The dynamic regulation of PTP1B 

and alpha-actin4 expression in the glomeruli remains to be established. However, PTP1B is 

upregulated in murine models under hyperglycemia [34] and podocyte injury [33], whereas 
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alpha-actinin4 is downregulated in patients with diabetic nephropathy [52]. 3) Podocyte 

PTP1B deficiency in vivo and culture was associated with elevated tyrosine phosphorylation 

of alpha-actinin4 (Figure 3A, B). Significantly, reconstitution of the knockdown cells with 

hPTP1B WT “rescued” these effects and attenuated alpha-actinin4 tyrosine phosphorylation. 

The mouse and human PTP1B are highly homologous, and human PTP1B can rescue 

mouse PTP1B deficiency [40, 53]. The current observations are in keeping with the 

direct regulation of alpha-actinin4 tyrosine phosphorylation by PTP1B. However, indirect 

regulation cannot be ruled out, for example, through the PTP1B substrates EGFR and Src 

[54], which modulate alpha-actinin4 phosphorylation [23]. 4) Biochemical studies using 

the substrate-trapping mutant PTP1B D/A demonstrated co-association with alpha actin4 

that was enhanced upon insulin stimulation (Figure 3C). However, we cannot exclude 

indirect association with both molecules being part of a joint multi-molecular complex, 

where another component is a PTP1B substrate. Of note, vanadate treatment that oxidizes 

the catalytic cysteine of the phosphatase [55] disrupted the co-association in line with an 

enzyme-substrate interaction mediated by the phosphatase’s active site. Altogether, these 

findings are in keeping with alpha-actinin4 being a substrate of PTP1B, and a pressing 

challenge is to delineate the relevant contribution(s) of this interaction to podocytes.

Alpha-actinin4 tandem tyrosine 486/487 residues mediate the interaction with PTP1B, as 

evidenced by mutagenesis and cellular and biochemical analyses (Figure 4). However, other 

alpha-actinin4 tyrosine residue(s) may directly or indirectly contribute to the interaction with 

PTP1B. For instance, alpha-actinin4 phosphorylation on Tyr4 serves as a switch that controls 

the accessibility of Tyr31 to its modifying kinase [56]. Moreover, PTP1B may target other 

members of the alpha-actinin family that contain the tandem pTyr target sequence, which 

is present in the non-muscle alpha-actinin (1 and 4) but not the muscle alpha-actinin (2 

and 3). Indeed, in fibroblasts, PTP1B dephosphorylates alpha-actinin1 and regulates cell 

migration [57]. We also cannot ensure the interaction is with dually phosphorylated protein 

since replacing any single tyrosine with phenylalanine might shift the phosphorylation 

to the other tyrosine. Still and significantly, the current observations are consistent with 

PTP1B displaying a preference for select substrates containing E/D-pY-pY-R/K [46], with 

this motif helping to predict the PTP1B substrates Janus kinase2 and tyrosine kinase2 

[58]. Additionally, the IR tandem tyrosine 1162/1163 residues mediate the interaction with 

PTP1B [46]. It is important to note that the dephosphorylation kinetic constants of PTP1B 

and the bisphosphorylated alpha-actinin4 peptide (KM: 7.81 μM, kcat: 16.98 s−1, kcat/KM × 

10−3: 2174.13 M−1 S−1) (Figure. 3E) are comparable to those of PTP1B and the IR peptide 

(KM: 7.5 μM, kcat: 11.3 s−1, kcat/KM × 10−3: 1514 M−1 S−1) [46].

The interaction of PTP1B and alpha-actinin4 presents a potential mechanism that may affect 

podocyte function. However, these molecules likely engage other partners and participate in 

multiple tiers of signal regulation. The IR is a bona fide PTP1B substrate and a significant 

regulator of podocyte function in vivo [36]. Moreover, nephrin is an established PTP1B 

substrate that may mediate the actions of this phosphatase in some kidney disease models 

[33, 59] but not in others [32]. Furthermore, we uncovered other putative substrates of 

PTP1B in podocytes that require validation (Figure 1D and data not shown). Other PTP(s) 

may also target alpha-actinin4 and regulate its phosphorylation in podocytes. Indeed, there 
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is a precedent for multiple PTPs regulating essential podocyte proteins. For instance, the 

phosphorylation of nephrin is modulated by PTP1B [35] and the Src homology 2 domain-

containing phosphatases Shp1 [60] and Shp2 [61, 62]. Moreover, PTP1B localization on 

the ER may impose some topological restrictions on the interactions of this enzyme with 

its substrates [27, 63]. Accordingly, PTP1B may engage alpha-actinin4 in the cytosol but 

not in the nucleus, where the latter is implicated in transcriptional activation [64–66]. Thus, 

different PTP(s) may engage alpha-actinin4 at various subcellular locations and orchestrate 

the dynamic regulation of this crucial molecule in podocytes.

PTP1B and alpha-actinin4 are components of a signaling node that impacts motility 

in podocytes. Significantly, PTP1B deficiency was associated with diminished podocyte 

motility, while alpha-actinin4 silencing increased motility in these cells (Figure 5). This 

observation is consistent with the role of alpha-actinin4 in actin cytoskeletal remodeling, 

and cells from alpha-actinin4 deficient mice exhibit increased motility [67]. Of note, injury 

leads to cytoskeleton remodeling and increased podocyte motility in culture and in vivo [68]. 

Accordingly, the decreased motility of PTP1B-deficient podocytes is in line with in vivo 
reports of PTP1B deficiency attenuating glomerular injury and protecting against proteinuria 

[32, 33] and hyperglycemia-induced renal injury [34]. Finally, the potential implications of 

PTP1B and alpha-actinin4 interactions on other aspects of podocyte function remain to be 

determined. In summary, previous and current findings suggest that targeting PTP1B and, 

plausibly, some of its substrates may present a therapeutic approach for podocyte injury and 

warrant additional investigation.
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Figure 1: Identification of putative PTP1B substrates in podocytes.
(A) E11 murine kidney podocyte cell line with PTP1B knockdown (KD) was reconstituted 

with shRNA-resistant hPTP1B wild-type (KD-WT) and substrate-trapping hPTP1B D181A 

(KD-D/A) mutant. Cells were grown at 33°C until confluency and then differentiated 

into podocytes by the culture at 37°C for 14 days, as indicated in the schematic. (B) 
Immunoblots of hPTP1B (FG6), mPTP1B, and TCPTP in the parental E11 cell line and 

cells with PTP1B knockdown (KD) and reconstitution (KD-WT and KD-D/A). Blots were 

probed with Actin as a loading control. (C) 14 days-differentiated KD-D/A podocytes were 

serum starved overnight and stimulated with insulin for the indicated times, then lysed in 

NP-40 or RIPA buffer. hPTP1B was immunoprecipitated (IP) from KD-D/A podocytes, 

then immunoblotted for phospho-tyrosine (pTyr; 4G10 and PY99). Bands corresponding 

to hyper-phosphorylated proteins are indicated by arrows. A comparable gel was stained 

with Instant Blue solution, and bands that included the hyper-phosphorylated proteins 

were excised and subjected to mass spectroscopy. The MS analysis was performed once 
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to identify the putative substrates. (D) List of top five putative PTP1B substrates (name, 

accession number, predicted molecular weight, and bis-phosphorylated motif) listed by 

identification hits in the screen.
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Figure 2: Co-localization of endogenous alpha-actinin4 and PTP1B in human and murine 
glomeruli.
(A) Immunostaining and confocal microscopy of ACTN4 (green), PTP1B (red), and 

podocyte marker Synaptopodin (SYNPO) in the kidney section of a human control subject. 

Images in the lower panel are a magnification of the boxed region, and a merged picture 

was enlarged on the right. Scale bar: 50μm. (B) Immunostaining and confocal microscopy 

of ACTN4 (green) and PTP1B (red) in kidney sections of male mice fed standard laboratory 

chow (CHD), streptozotocin (STZ; 13 weeks)-treated and fed a high-fat diet (HFD; 25 

weeks). Enlarged and merged images in the right panel are the zoom-in views of the boxed 

regions. Representative images were shown from two mice per group. Scale bar: 20μm. The 

sample incubated with only the secondary antibodies (2nd Ab only) served as background 

control. Co-localization is indicated by an arrowhead.
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Figure 3: Interaction of PTP1B and alpha-actinin4.
(A) ACTN4 was immunoprecipitated (IP) from 14 days-differentiated E11 cells with 

knockdown (KD) and reconstituted expression of PTP1B (KD-WT and KD-D/A) under 

basal (−) and insulin-stimulation (+) for 10 minutes, then immunoblotted for phospho-

tyrosine (pTyr) and ACTN4. The blot images were obtained from one attempt experiment 

and quantified as a relative ratio of pTyr/ACTN4. (B) ACTN4 was immunoprecipitated 

from kidney lysates of control (Ctrl; Ptpn1fl/fl) and podocyte PTP1B knockout (pod-PTP1B 

KO; Ptpn1fl/fl Pod-cre+) mice under basal (−) and insulin-stimulation (+, 10 min), then 

immunoblotted for pTyr and ACTN4. Each lane represents lysate from a different animal, 

and the blot images were quantified and presented in a bar chart (n=3/group). **p≤0.01 

indicate a significant difference between without versus with insulin of the pod-PTP1B 

KO mice; ††p≤0.01 indicates a significant difference between Ctrl versus pod-PTP1B KO 

mice with insulin. (C) 14 days-differentiated PTP1B KD-D/A podocytes were serum starved 
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overnight, then stimulated with insulin for the indicated times, and lysed in NP-40 without 

and with vanadate (V) treatment. hPTP1B was immunoprecipitated and then immunoblotted 

for ACTN4 and hPTP1B. The blot images were obtained from one attempt experiment and 

quantified in relative ratio as ACTN4/PTP1B.
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Figure 4: The alpha-actinin4 tandem tyrosine-phosphorylated motif mediates the interaction 
with PTP1B.
(A) Aligned sequences across species relative to Tyr486/487 (underlined) of mouse ACTN4. 

(B) PTP1B KD-D/A E11 cells were transfected with eGFP-ACTN4 WT and Y/F mutants 

(Y4/31F, Y265F, and Y486/487F). hPTP1B was immunoprecipitated (IP) from serum starved 
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(−) and insulin-stimulated (+, 10 min) cells, then immunoblotted using antibodies for 

GFP and PTP1B. The middle blot for GFP depicts a longer exposure time of the same 

membrane in the top blot. The blot images were obtained from one attempt experiment. 

(C) Immunofluorescence of KD-D/A E11 cells transfected with eGFP-ACTN4 WT and 

Y486/487F under basal (-, serum starved) and insulin-stimulated (+, 10 min) states. hPTP1B 

(red) and ACTN4 (green) were detected using FG6 and GFP antibodies, respectively. 

Enlarged images are highlighted by white boxes in the merged panel. Scale bar: 5μm. 

Representative images were shown from two independent experiments. (D) Michaelis-

Menten curves showing dephosphorylation of mono- and di-phospho tyrosine peptides 

derived from alpha-actinin4 by purified PTP1B (n=9). (E) Summary of kinetic parameters 

determined by Michaelis-Menten equation.
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Figure 5: Alpha-actinin4 silencing increases motility in podocytes.
(A) Images of bright-field microscopy and quantification of cell numbers in the wound 

areas of PTP1B KD-WT and KD E11 cells without and with siRNA-mediated silencing 

of ACTN4 at 24 and 48 hours post 10% FBS stimulation (n=3/group). Scale bar: 100μm. 

*p≤0.05 and **p≤0.01 indicate a significant difference between mock versus siACTN4 of 

the same cell type at either 24h or 48h; †p≤0.05, ††p≤0.01 indicates a significant difference 

between KD-WT versus KD cells with the same treatment at either 24h or 48h. (B) 
Schematic representation of the interaction of PTP1B and ACTN4 in regulating podocyte 

motility.
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