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Abstract

Diabetic nephropathy (DN) is a significant complication of diabetes and the leading cause of 

end-stage renal disease. Hyperglycemia-induced dysfunction of the glomerular podocytes is a 

major contributor to the deterioration of renal function in DN. Previously, we demonstrated 

that podocyte-specific disruption of the Src homology phosphatase 2 (Shp2) ameliorated 

lipopolysaccharide-induced renal injury. This study aims to evaluate the contribution of Shp2 

to podocyte function under hyperglycemia and explore the molecular underpinnings. We 

report elevated Shp2 in the E11 podocyte cell line under high glucose and the kidney 

under streptozotocin- and high fat diet-induced hyperglycemia. Consistently, Shp2 disruption in 

podocytes was associated with partial renoprotective effects under hyperglycemia, as evidenced 

by the preserved renal function. At the molecular level, Shp2 deficiency was associated with 

altered renal insulin signaling and diminished hyperglycemia-induced renal endoplasmic reticulum 

stress, inflammation, and fibrosis. Additionally, Shp2 knockdown in E11 podocytes mimicked the 

in vivo deficiency of this phosphatase and ameliorated the deleterious impact of high glucose, 

whereas Shp2 reconstitution reversed these effects. Moreover, Shp2 deficiency attenuated high 

glucose-induced E11 podocyte migration. Further, we identified the protein tyrosine kinase FYN 

as a putative mediator of Shp2 signaling in podocytes under high glucose. Collectively, these 

findings suggest that Shp2 inactivation may afford protection to podocytes under hyperglycemia 

and highlight this phosphatase as a potential target to ameliorate glomerular dysfunction in DN.
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Introduction

Diabetic nephropathy (DN) is a major microvascular complication of diabetes affecting 

about 20–40% of patients with diabetes and the leading cause of end-stage renal disease 

(ESRD) in Europe and the United States [1–3]. Additionally, the increasing prevalence 

of type 2 diabetes may escalate the number of patients with ESRD [4, 5]. The effective 

treatments of ESRD include dialysis, with a high mortality rate within five years [6], 

and kidney transplantation, which is limited by organ availability. Glomerular injury and 

dysfunction are apparent in DN, and a clinical hallmark of the disease is the leakage 

of albumin through the glomerular filtration barrier (GFB) [7]. GFB is formed of three 

major components: the podocyte, glomerular basement membrane, and endothelium. The 

podocytes are terminally differentiated, highly specialized cells that consist of the cell 

body, major processes, and foot processes [7]. The foot processes of neighboring podocytes 

interdigitate to form the intercellular junction slit diaphragm, which is an essential part 

of the GFB to prevent urinary protein loss [8, 9]. Podocyte injury and loss are common 

early features in several glomerulopathies, including DN [10]. Indeed, podocyte density is 

a predictor of DN progression, and in experimental animal models, a loss of more than 

20% leads to glomerular impairment [11]. Notably, studies using transgenic mouse models 

establish that podocyte-specific interventions are sufficient to halt DN progression and 

suggest podocentric therapeutic strategies to combat this deadly malady [12].

A convergence of multiple injurious pathways contributes to podocyte loss and the 

development of DN (reviewed in [13]). In particular, it is increasingly recognized that 

dysregulated insulin signaling contributes to podocyte dysfunction and DN (reviewed 

in [14]). The podocytes are insulin-responsive cells that can uptake glucose following 

insulin stimulation via the glucose transporters GLUT1 and GLUT4 [15]. Additionally, 

podocytes may become insulin resistant preceding the development of DN [16]. Insulin 

signaling is crucial for podocyte function, as evidenced by mice with podocyte-specific 

disruption of the insulin receptor (IR) that exhibit features of DN despite normal blood 

glucose concentrations [17]. Moreover, insulin signaling may impact podocyte function 

by modulating key pathways, including the endoplasmic reticulum (ER) stress [18], actin 

dynamics [19], and calcium mobilization [20, 21].

Compelling evidence establish protein tyrosine phosphatases (PTPs) as regulators of 

podocyte function (reviewed in [22]). The prototypical protein tyrosine phosphatase 1B 

(PTP1B) is upregulated in murine models of renal injury (membranous nephropathy and 

puromycin aminonucleoside) and dephosphorylates the essential podocyte protein, Nephrin 

[23]. Additionally, podocyte PTP1B expression is elevated under hyperglycemia, and 

the deficiency of this phosphatase mitigates hyperglycemia-induced podocyte injury [24]. 
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Similarly, the Src homology domain-containin phosphatase 1 (Shp1) can dephosphorylate 

Nephrin [25] and is elevated in murine models of DN [25–27].

Src homology phosphatase 2 (Shp2; encoded by Ptpn11) is a ubiquitously expressed non-

transmembrane phosphatase [28] that plays an essential role in most receptor tyrosine 

kinase signaling where it is required for normal activation of the extracellular signal-

regulated kinase pathways [29, 30]. Additionally, Shp2 is an established modulator of 

insulin signaling, engaging targets in the proximal cascade [31–35] with cell/tissue-specific 

outcomes [36–38]. We and others report that podocyte-specific Shp2 ablation ameliorates 

acute podocyte and renal injury induced by protamine sulfate, nephrotoxic serum, and 

lipopolysaccharide [39, 40]. However, the contribution of Shp2 in podocytes to DN is 

not clear. In the present study, we test the hypothesis that podocyte Shp2 deficiency may 

be protective against the adverse effects of hyperglycemia and explore the underlying 

mechanisms.

Materials and methods

Reagents.

Reagents were purchased from MilliporeSigma unless otherwise indicated. HRP-conjugated 

secondary antibodies were purchased from Bio-Rad Laboratories. The pharmacological 

inhibitor of ROCK (Y-27632, NC1052806) was purchased from Thermo Fisher Scientific.

Mouse studies.

Mice with podocyte-specific disruption of Shp2 (Ptpn11fl/fl; Pod-Cre) were generated 

and genotyped as we previously described [40]. Briefly, Shp2 floxed (Ptpn11fl/fl) mice 

(129Sv/J x C57Bl/6J background) [41] were bred to podocin-Cre transgenic mice (C57Bl/6J 

background) (Jackson laboratories). Mice were maintained at a 12-hour light-dark cycle 

with access to water and rodent laboratory chow (Purina lab chow; # 5001). For high-fat-

diet (HFD)-induced hyperglycemia, eight weeks old male Ptpn11fl/fl and Ptpn11fl/fl; Pod-

Cre littermates were fed a HFD (Research Diets; # D12492, 60% kcal from fat) for 24 

weeks. For streptozotocin (STZ)-induced hyperglycemia, 9–12 weeks old male mice were 

intraperitoneally injected with STZ (in 100 mM sodium citrate buffer) at a single high 

dose (160 μg/g body weight) or five day multiple low doses (50 μg/g body weight). Mice 

were sacrificed 20 weeks after STZ treatment. Fed parameters were measured in samples 

collected between 7–9 a.m., and the fasted samples were assayed from overnight-fasted 

mice. We determined the albumin, creatinine, and blood urea nitrogen (BUN) concentrations 

using the corresponding kits according to the manufacturer’s instructions (Sigma; MAK124, 

MAK080, MAK006). Blood glucose concentration was determined using an Easy Plus II 

blood glucose monitor (Home Aide Diagnostics). Diastolic and systolic blood pressures 

were measured by the noninvasive CODA high throughput mouse rat tail-cuff system 

(Kent Scientific Corporation). For renal insulin signaling studies, overnight-fasted male 

mice (10 weeks old) were intraperitoneally injected with insulin (Lilly; Humulin R U-100, 

10 U/kg bodyweight) and then sacrificed after 5 and 15 minutes as we described [24, 

36]. At sacrifice, the kidneys were harvested and stored for further biochemical and 

histological analyses. For immunohistochemistry, the kidney sections were fixed in 4% 
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paraformaldehyde, embedded in paraffin, and deparaffinized in xylene. Sections were 

stained using antibodies for Shp2 (sc-280), Nephrin (sc-19000) (both from Santa Cruz 

Biotechnology), Synaptopodin (Novus Biologicals; NBP2–33357), pAKT Ser473 (4060), 

pERK1/2 Tyr202/Thr204 (4370) (both from Cell Signaling Technology), and Collagen III 

(Abcam; ab7778) at 4°C overnight. Then sections were incubated with the appropriate 

fluorescent dye-conjugated secondary antibodies (Thermo Fisher Scientific; A-21206: Alexa 

Fluor 488 anti-rabbit, A-31570: Alexa Fluor 555 anti-mouse, A-21432: Alexa Fluor 555 

anti-goat) for an hour at room temperature and visualized using an Olympus FV1000 

confocal microscope. In addition, the Periodic acid–Schiff (PAS) staining was done by a 

commercial kit according to the instruction from Sigma (395B-1KT), and images were 

captured using an Olympus BX51 microscope. All animal studies were approved by the 

Institutional Animal Care and Use Committee at the University of California Davis.

Cell experiments.

The murine kidney podocyte cell line E11 was purchased from Cell Lines Service GmbH 

(400494). E11 cell lines with Shp2 knockdown (KD) and reconstitution (KD-R) with 

wild-type human Shp2 were previously generated as we described [40]. Additionally, the 

Shp2 knockdown cells were reconstituted with the substrate-trapping double mutant human 

Shp2 (KD-DM; D425A and C459S) [42]. Shp2 KD cells were selected with puromycin 

(2 μg/ml), and Shp2 KD-R and KD-DM cells were maintained under the selection of 

puromycin (2 μg/ml) and Geneticin (G418, 400 μg/ml). All E11 cell lines were maintained 

at 33°C in RPMI-1640 medium (which contains 5.6 mM glucose and supplemented with 

10% FBS and 2 mM glutamine) and then induced to differentiate by culture for two weeks 

at 37°C [24, 40]. To investigate the insulin signaling cascade, differentiated Shp2 KD and 

KD-R podocytes were cultured without and with high glucose (HG, 25 mM) for 72 hours. 

Subsequently, overnight-starved cells were stimulated without and with insulin (10 nM) 

for 10 and 20 minutes. For the wound healing assay, differentiated Shp2 KD and KD-R 

podocytes were starved 24 hours, and then straight scratches were created using 200 μl 

pipette tips. Cells were cultured without and with HG for an additional 48 hours. For 

pharmacological inhibition of ROCK, differentiated Shp2 KD and KD-R podocytes were 

starved 24 hours then the wound was generated as described earlier. Cells were further 

cultured under HG for 48 hours without and with the ROCK inhibitor (Y-27632, 10 μM). 

Bright-field images were captured using an Olympus BX51 microscope, and the number 

of cell migration to the wound was quantitated manually with enlarged pictures from 

four independent experiments. For the substrate-trapping experiment, differentiated Shp2 

KD-DM podocytes were cultured without and with HG for 72 hours, and proteins were 

extracted using NP40 (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 20 mM NaF, 

10 mM Na4P2O7, 1% Igepal CA-630, and proteases inhibitors) and RIPA (20 mM Tris-HCl 

pH 7.4, 150 mM NaCl, 0.1% SDS, 5 mM EDTA, 20 mM NaF, 10 mM Na4P2O7, 1% Triton 

X-100, 1% sodium deoxycholate and proteases inhibitors). Protein lysates (500 μg) were 

incubated with antibodies for Shp2 (10 μg) for 4 hours at 4°C. The immunocomplexes were 

pulled down by 30 μl protein A/G magnetic beads (MilliporeSigma; LSKMAGAG10) for 2 

hours at 4°C. Then proteins were eluted by sample buffer (60 mM Tris-Cl pH 6.8, 1% SDS, 

10% glycerol, 0.01% bromophenol blue, 2.5% 2-mercaptoethanol) for 5 minutes at 95°C. 

For immunoprecipitation of FYN, differentiated Shp2 KD and KD-R cells were cultured 
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without and with HG for 72 hours, and total proteins were extracted using RIPA buffer with 

2 mM sodium orthovanadate. Protein lysates (200 μg) were incubated with antibodies for 

FYN (5 μg) for 4 hours at 4°C, then immunoprecipitated as described above.

Biochemical analyses.

Total proteins were extracted from cells and kidneys using RIPA buffer. Lysates were 

centrifuged at 12,000 x g for 10 minutes, and protein concentrations were determined 

using a bicinchoninic acid protein assay kit (Pierce Chemical). Extracted proteins were 

resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred 

to PVDF membranes. Immunoblotting was performed using antibodies for pNF-κBp65 

Ser536 (3033), NF-κBp65 (8242), pAKT Ser473 (4060), pERK1/2 Tyr202/Thr204 (4370), 

ERK1/2 (4695), pSrc Tyr416 (2101), pSrc Tyr527 (2105), PERK (3192), peIF2α Ser51 

(9721), IRE1α (3294), GAPDH (3683) (all from Cell Signaling Technology), AKT 

(sc-81434), Shp2 (sc-280), pPERK Thr981 (sc-32577), eIF2α (sc-133132), TGFβRII 

(sc-17792), FYN (sc-73388), Actin (sc-47778), Tubulin (sc-8035), Nephrin (sc-19000) 

(all from Santa Cruz Biotechnology), pNephrin Tyr1176/Tyr1193 (Abcam; ab80299), 

and Synaptopodin and pIRE1α Ser724 (NB100–2323) from Novus Biologicals at 

4°C overnight. Then membranes were incubated with the appropriate HRP-conjugated 

secondary antibodies for an hour at room temperature. Protein bands were visualized 

using HyGLO enhanced chemiluminescence (Denville Scientific) and further quantitated 

using FluorChem 9900 program (Alpha Innotech). For quantitative real-time PCR, total 

RNA was extracted from the kidney samples by TRIzol (Invitrogen), and cDNA was 

generated using a high-capacity cDNA synthesis Kit (Applied Biosystems; 4368814). 

Then samples were subjected to CFX96 Touch Real-Time PCR Detection System (Bio-

Rad) with a mixing of SsoAdvanced Universal SYBR Green Supermix (Thermo Fisher 

Scientific) and relevant primer pairs. Relative gene expression was normalized with 

TATA-box binding protein (TBP) and determined using the ΔCT method. The primers 

used were listed as forward and reverse: IL1β, 5’-TAGCTTCAGGCAGGCAGTATC 

and 5’-TAAGGTCCACGGGAAAGACAC; IL6, 5’-ACAACCACGGCCTTCCCTACTT and 

5’-CACGATTTCCCAGAGAACATGTG; MCP1, 5’-CCCAATGAGTAGGCTGGAGA and 

5’-TCTGGACCCATTCCTTCTTG; TNFα, 5’-TGACGTGGAACTGGCAGAAGAG and 

5’-TTGCCACAAGCAGGAATGAGA; pro-Collagen, 5’-AGAGGCGAAGGCAACAGTCG 

and 5’-GCAGGGCCAATGTCTAGTCC; αSMA, 5’-TCAGCGCCTCCAGTTCCT and 5’-

AAAAAAAACCACGAGTAACAAATCAA; TBP, 5’-TTGGCTAGGTTTCTGCGGTC and 

5’-GCCCTGAGCATAAGGTGGAA.

Statistical analyses.

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

performed by the SPSS program (IBM) using Dunnett’s test (Fig. 1) and one-way ANOVA 

with Tukey’s honest significance test. Differences were considered significant at p ≤ 0.05.
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Results

Elevated Shp2 in the kidney under hyperglycemia and the E11 podocyte cell line under 
high glucose.

Previously, we demonstrated an increased expression of renal Shp2 in a mouse model of 

lipopolysaccharide-induced renal injury [40]. Additionally, Shp2 tyrosine phosphorylation 

(Tyr542) is elevated in a subgroup of human glomerular diseases suggestive of increased 

phosphatase activity [39]. In the present study, we evaluated Shp2 expression in the 

kidney of wild-type (WT) male mice under STZ- and HFD-induced hyperglycemia. 

Renal Shp2 protein and mRNA were significantly elevated under hyperglycemia compared 

with normoglycemia (Fig. 1a, b). Moreover, co-immunostaining Shp2 and Synaptopodin 

suggested upregulation of this phosphatase in the kidney, including podocytes under 

hyperglycemia (Fig. 1c). Correspondingly, Shp2 protein expression significantly increased 

in differentiated E11 podocytes cultured in high glucose compared with normal glucose 

(Fig. 1d). On the other hand, Synaptopodin expression decreased under hyperglycemia 

in mice (Fig. 1c) and E11 podocytes cultured in high glucose (Fig. 1d). Collectively, 

these observations suggest the upregulation of Shp2 in the kidney and podocytes under 

hyperglycemia and support the notion that deregulated signaling of this phosphatase may 

contribute to hyperglycemia-induced podocyte dysfunction.

Shp2 ablation in podocytes is associated with attenuated hyperglycemia-induced renal 
dysfunction in mice.

To investigate the potential contribution of Shp2 in podocytes to renal function under 

hyperglycemia, we used mice with podocyte-specific Shp2 disruption (Ptpn11fl/fl; Pod-Cre) 

[40]. Hyperglycemia was induced in control (Ptpn11fl/fl) and Ptpn11fl/fl; Pod-Cre mice by a 

single high dose and multiple low doses of STZ and HFD feeding. Both genotypes exhibited 

comparable alterations in body weight and kidney weight/body weight ratio (Supplementary 

Fig. 1). STZ-induced hyperglycemia significantly elevated the urine albumin/creatinine ratio 

(ACR), blood urea nitrogen (BUN), fed and fasted glucose concentrations, and systolic 

and diastolic blood pressure in Ptpn11fl/fl but to a significantly lower level in Ptpn11fl/fl; 

Pod-Cre mice (Fig. 2a). Similarly, hyperglycemia induced by multiple low doses of STZ 

significantly increased ACR, BUN, and fed and fasted glucose in Ptpn11fl/fl but was 

diminished in Ptpn11fl/fl; Pod-Cre mice (Fig. 2b). In keeping with these observations, in 

HFD-induced hyperglycemia, the elevation in ACR, fasted glucose, and systolic blood 

pressure was significantly lower in Ptpn11fl/fl; Pod-Cre compared with Ptpn11fl/fl mice (Fig. 

2c). Altogether, these findings demonstrate that Shp2 disruption in podocytes is associated 

with partial renoprotective effects under hyperglycemia, as evidenced by the preserved renal 

function, blood pressure and glucose control in the various murine models used herein.

Diminished hyperglycemia-evoked renal ER stress, inflammation, and fibrosis in mice with 
Shp2 disruption.

Having demonstrated the salutary effects of Shp2 disruption in podocytes under 

hyperglycemia, next, we investigated the mechanisms that may mediate Shp2 action. 

Protein misfolding and ER stress are apparent in distinct renal diseases, including DN 

[43]. Accordingly, we monitored the activation of critical sensors in the unfolded protein 
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response (UPR), namely protein kinase R-like ER kinase (PERK) and inositol-requiring 

enzyme 1α (IRE1α). Immunoblotting of total kidney lysates demonstrated a hyperglycemia-

induced increase in the phosphorylation of PERK and its downstream target eukaryotic 

translation initiation factor 2α (eIF2α), as well as IRE1α and that, was significantly lower 

in Ptpn11fl/fl; Pod-Cre compared with Ptpn11fl/fl mice (Fig. 3a, and Supplementary Fig. 2a). 

In keeping with the diminished ER stress, the hyperglycemia-induced inflammation was 

mitigated upon Shp2 disruption, as evidenced by lower nuclear factor-kappa B (NF-κB) 

phosphorylation (Fig. 3a and Supplementary Fig. 2a) and renal mRNA of interleukin 1 

beta (IL1β), monocyte chemoattractant protein 1 (MCP1), interleukin 6 (IL6), and tumor 

necrosis factor-alpha (TNFα) (Fig. 3b and Supplementary Fig. 2b). Moreover, Ptpn11fl/fl; 

Pod-Cre mice exhibited lower fibrosis under hyperglycemia compared with control animals 

given the decreased expression of the renal transforming growth factor-beta receptor type II 

(TGFβRII), mRNA of pro-Collagen and alpha-smooth muscle actin (αSMA) and Periodic 

acid-Schiff (Fig. 4a–c) and Collagen III staining (Supplementary Fig. 2c). Collectively, 

these observations establish the amelioration of hyperglycemia-induced renal ER stress, 

inflammation, and fibrosis upon Shp2 disruption in podocytes.

Altered renal insulin signaling in mice with Shp2 disruption.

Normal insulin signaling in podocytes is critical for maintaining renal function [14, 17]. 

Additionally, Shp2 is an established physiological regulator of insulin signaling, exhibiting 

tissue-specific modulation of this pathway [35]. Accordingly, we determined the impact 

of podocyte Shp2 disruption on renal insulin signaling. In total kidney lysates, the 

insulin-induced AKT phosphorylation was increased in Ptpn11fl/fl; Pod-Cre compared with 

Ptpn11fl/fl mice (Fig. 5a). Notably, immunostaining of kidney sections revealed elevated 

insulin-induced AKT phosphorylation in the glomerular area of Ptpn11fl/fl; Pod-Cre mice 

(Fig. 5b). On the other hand, immunoblotting of total kidney lysates and immunostaining 

of kidney sections suggested diminished insulin-induced ERK phosphorylation upon Shp2 

disruption in keeping with the established role of this phosphatase [36, 37] (Fig. 5a, 

c). Therefore, podocyte Shp2 disruption affects renal insulin signaling and differentially 

influences insulin-induced AKT and ERK activation.

The deficiency of Shp2 in E11 podocytes mimics the disruption in vivo.

We sought to determine if Shp2 deficiency ex vivo simulates the disruption of this 

phosphatase in vivo and ameliorates the deleterious effects of high glucose. To this end, 

we cultured the differentiated Shp2 knockdown (KD) and reconstituted (KD-R) podocytes 

[40] in normal and high glucose and then monitored alterations in insulin signaling, 

ER stress, and inflammation. In line with the observations in vivo, Shp2 knockdown in 

E11 podocytes enhanced insulin-induced AKT phosphorylation under high glucose while 

abrogating insulin-induced ERK phosphorylation (Fig. 6a). Additionally, high glucose-

evoked ER stress was mitigated in Shp2 deficient podocytes as evidenced by the diminished 

phosphorylation of PERK, eIF2α, and IRE1α (Fig. 6b). In keeping with this observation, 

NF-κB phosphorylation was diminished upon Shp2 knockdown in podocytes under high 

glucose (Fig. 6b). The amelioration of the adverse effects of high glucose by Shp2 

deficiency and reversal by reconstitution of this phosphatase in E11 podocytes are consistent 
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with the in vivo findings. These observations suggest potential cell-autonomous effects, 

although the contribution of other cell types cannot be ruled out.

Shp2 deficiency attenuates high glucose-induced E11 podocyte migration in culture.

Hyperglycemia causes rearrangements in the actin cytoskeleton that promote podocyte 

motility and contribute to glomerular injury [7]. Shp2 deficiency attenuates LPS-induced 

podocyte motility, and Shp2 enhances Nephrin tyrosine phosphorylation in models of 

podocyte injury [39, 40]. In keeping with these observations, hyperglycemia-evoked 

decrease in Nephrin protein expression and phosphorylation at Tyr1176/Tyr1193 were 

mitigated upon Shp2 disruption (Supplementary Fig. 3). Additionally, we evaluated the 

contribution of Shp2 to glucose-induced podocyte migration in the knockdown and 

reconstituted E11 podocytes using the wound healing assay. As expected, high glucose 

increased podocyte migration, as indicated by the high number of cells in the wound, 

and that was significantly decreased upon Shp2 deficiency (Fig. 7a). To gain insights into 

the molecular underpinning of Shp2 modulation of podocyte motility, we reconstituted the 

knockdown podocytes with the substrate-trapping Shp2 mutant (KD-DM) then performed 

substrate-trapping as described in methods. Several putative Shp2 substrates were identified, 

including the FYN tyrosine kinase that is implicated in remodeling the actin cytoskeleton in 

podocytes under high glucose [44]. FYN activity is modulated by intermolecular interactions 

and phosphorylation of the key tyrosine residues, Tyr527 and Tyr416 [45, 46]. Additionally, 

Shp2 dephosphorylates FYN Tyr527 to promote its Tyr416 autophosphorylation for full 

kinase activation [47, 48]. We detected co-association of FYN and the Shp2 substrate-

trapping mutant under normal glucose that was enhanced under high glucose and disrupted 

upon lysis in the stringent RIPA buffer (Fig. 7b). Moreover, to monitor the activation of 

FYN, we immunoprecipitated it from the lysates of Shp2 knockdown and reconstituted 

podocytes, then immunoblotted using pTyr416 and pTyr527 antibodies. The high glucose-

induced increase in FYN activation was abrogated in podocytes with Shp2 deficiency, 

as evidenced by the elevated Tyr416 and diminished Tyr527 phosphorylation (Fig. 7c). 

FYN regulates podocyte migration under high glucose via promoting the activation of 

Rho-associated coiled-coil forming protein kinase (ROCK) [44]. To further evaluate the 

role of Shp2-mediated FYN interaction in podocyte mobility, we performed ROCK 

pharmacological inhibition. High glucose-induced podocyte migration was significantly 

attenuated by ROCK inhibition in reconstituted podocytes but not significantly altered 

in podocytes with Shp2 knockdown (Fig. 7d). Collectively, these observations suggest 

that Shp2 deficiency attenuates high glucose-induced podocyte migration, at least in part, 

through modulating the FYN/ROCK signaling axis.

Discussion

The present study implicates Shp2 in podocyte function under hyperglycemia and suggests 

that the inactivation of this phosphatase may ameliorate glomerular dysfunction in DN, 

a devastating complication of diabetes. We report elevated Shp2 in the kidney, including 

podocytes under STZ- and HFD-induced hyperglycemia in mice and E11 podocytes cultured 

in high glucose. However, if the increased expression of Shp2 translates to corresponding 

changes in the enzyme activity and if that simulates the disease state in humans is yet to be 
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established. Additionally, the factor(s) modulating Shp2 expression in podocytes, and other 

kidney cell types, under hyperglycemia is currently unknown. A recent study highlights 

Shp2 as a target of miR-204–5p and demonstrates that inhibition or disruption of Mir204 
upregulates Shp2 in models of hypertensive renal injury [49]. The current observations are 

consistent with elevated Shp2 in models of renal injury and the putative increase in its 

activity in some human glomerular diseases (minimal change nephrosis and membranous 

nephropathy) [39, 40]. A growing body of evidence demonstrates the upregulation of other 

phosphatases, including PTP1B [23, 24, 50] and Shp1 [25–27], in experimental models of 

podocyte injury and suggests that deregulation of phosphotyrosine signaling may contribute 

to DN. Indeed, overexpression of PTP1B in podocytes leads to proteinuria and foot process 

effacement [50], whereas PTP1B deficiency mitigates hyperglycemia-induced renal injury 

[24]. It remains to be determined if elevated Shp2 contributes to DN. However, findings 

herein indicate that the deficiency of this phosphatase in podocytes ameliorates some of the 

deleterious effects of hyperglycemia in mice.

Podocyte Shp2 disruption was associated with beneficial renal and systemic outcomes 

in mouse models of hyperglycemia as evidenced by decreased albuminuria and BUN, 

preserved glucose control, and reduced hypertension. A limitation is the potential renal 

toxicity caused by a high dose of STZ, which is countered by the use of additional models 

of hyperglycemia that incorporate multiple low doses of STZ and high-fat feeding. Notably, 

the effects of podocyte Shp2 deficiency in vivo were qualitatively comparable in the various 

models used. While no animal model recapitulates all the disease features in humans, 

the complementary models herein enabled evaluating the role of Shp2 in podocytes under 

hyperglycemia. The renal protective effects in mice with podocyte disruption are in keeping 

with the amelioration of renal injury upon Shp2 disruption in different injury models (e.g. 

protamine sulfate-, nephrotoxic serum- [39], and LPS-induced challenge [40]), as well as 

suppression of crescentic glomerulonephritis and attenuation of acute kidney injury in lupus-

prone mice [51, 52]. Additionally, mice with podocyte Shp2 disruption exhibited lower 

blood glucose than control animals under STZ and HFD challenges. Potential contributors 

to the preserved glucose control are enhanced insulin signaling, increased glucose clearance 

in the urine, improved renal gluconeogenesis and/or altered cross-talk between the kidney 

and other insulin-responsive tissue(s). Moreover, the mitigation of hyperglycemia-induced 

hypertension in mice with Shp2 disruption is in line with the observation that Shp2 signaling 

in proopiomelanocortin neurons contributes to the leptin-induced chronic hypertensive effect 

in mice [53]. However, the current studies cannot discern the precise contribution of lower 

glycemia and blood pressure to the preserved renal function in mice with podocyte Shp2 

disruption, and additional investigation is warranted to delineate the renal versus systemic 

effects.

Shp2 deficiency in podocytes was associated with the amelioration of hyperglycemia-

induced renal ER stress, inflammation, fibrosis, and enhanced insulin signaling that likely 

contributed to the salutary effects of the disruption. A limitation is the use of total kidney 

lysates in the biochemical studies to monitor changes in key signaling pathways, and 

podocytes constitute a small fraction of the cells in the kidney. However, complementary 

immunohistochemical approaches that assessed fibrosis and insulin signaling support 

alterations of these pathways in podocytes. Additionally, the observations were further 
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validated using the isogenic E11 podocytes with Shp2 knockdown and reconstitution. 

Indeed, Shp2 knockdown mimicked the in vivo deficiency of this phosphatase and 

ameliorated the deleterious impact of high glucose. These findings are consistent with 

cell-autonomous effects, although we cannot rule out the contribution of other cell-

type(s). On the other hand, Shp2 reconstitution reversed the effects of the knockdown in 

podocytes in support of these being due to the phosphatase deficiency. Hyperglycemia 

and other metabolic alterations in diabetes trigger ER stress in glomerular cells [54], 

and pharmacological approaches that normalize stress may constitute a mechanism-based 

therapy [43]. The attenuation of hyperglycemia-induced PERK and IRE-1α activation upon 

Shp2 disruption is in keeping with the reported role of this phosphatase [40, 55, 56]. 

Moreover, the amelioration of hyperglycemia-induced inflammation is in line with Shp2 

silencing in tubular epithelial cells leading to reduced apoptosis and inflammatory cytokines 

by attenuating NF-κB signaling [57]. Consistent with the diminished renal ER stress and 

inflammation, mice with podocyte Shp2 disruption presented with reduced hyperglycemia-

induced renal fibrosis. This finding is consistent with the genetic and pharmacological 

inactivation of Shp2 promoting JAK2 (Tyr570) phosphorylation and diminishing JAK2/

STAT3 signaling to ameliorate fibrosis [58]. Of note, communication between the various 

cell types in the kidney influences the cumulative integrated outcome. For example, 

podocyte injury contributes to tubular epithelial cell dysfunction in DN via paracrine 

mediators, including TNFα, IL6, vascular endothelial growth factor (VEGF), and TGFβ, 

among others [59]. Additionally, podocyte-specific pyruvate kinase M2 transgenic mice are 

protected from STZ-induced diabetic glomerular pathology, partly by maintaining podocyte 

VEGF expression to improve mitochondrial metabolism in glomerular endothelial cells [60]. 

Further investigation is needed to delineate the impact of Shp2 disruption in podocytes on 

cell-cell communication and its contributions to renal function.

Shp2 podocyte disruption modulated renal insulin signaling, enhancing AKT while 

attenuating ERK activation, in keeping with the renoprotective effects in vivo. These 

observations are consistent with elevated insulin-induced AKT and attenuated ERK 

activation in mice with hepatic Shp2 disruption [36]. The enhanced AKT activation in 

podocytes is associated with protection against renal injury. Indeed, podocyte AKT2 

disruption enhances disease progression in mouse models of subtotal nephrectomy and 

aging nephropathy [61], and the insulin-induced AKT phosphorylation is attenuated in 

podocytes of diabetic animals to promote apoptosis [62]. Conversely, the mitigation of 

insulin-stimulated ERK phosphorylation is in keeping with the established role of Shp2 

as a positive modulator of ERK signaling [36, 37]. Additionally, abnormal activation of 

ERK is associated with chronic kidney injury, including DN [63]. Indeed, the elevated 

ERK activation in glomeruli and cultured mesangial cells is abrogated by troglitazone 

to prevent glomerular dysfunction in diabetic rats [64]. Moreover, pretreatment of the 

ERK pharmacological inhibitor (U0126) suppresses puromycin aminonucleoside-induced 

apoptosis in cultured murine podocytes [65]. Shp2 can conceivably modulate insulin 

signaling in podocytes by directly engaging the IR and IR substrates [66]. Moreover, Shp2 

may indirectly influence insulin signaling via the regulation of Nephrin [39], which interacts 

with the IR [67]. Further, the Shp2-MAPK axis is implicated in IR endocytosis and the 

regulation of insulin signaling [38]. Taken together, the current findings and the reported 
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modulation of insulin signaling in podocytes by other phosphatases such as PTP1B [24] and 

Shp1 [26] highlight these enzymes as emerging orchestrators of this vital signaling pathway.

Shp2-mediated signaling in podocytes is complex, multifactorial, and likely mediated 

through the interactions of this phosphatase with several substrates. In support of this notion, 

substrate trapping studies identified numerous putative substrates of Shp2 in E11 podocytes, 

including, but not limited to, FYN (Hsu and Haj, data not shown). Findings herein are 

consistent with FYN being an Shp2 substrate in podocytes, given the co-association of the 

Shp2 substrate-trapping mutant with endogenous FYN, which was enhanced upon culture in 

high glucose. However, we cannot rule out an indirect association, as both proteins may be 

components of the same complex. Additionally, FYN tyrosine phosphorylation status was 

modulated by Shp2 in podocytes. Shp2 deficiency elevated Tyr527 while decreasing Tyr416 

phosphorylation corresponding to FYN inactivation, whereas Shp2 reconstitution reversed 

the phosphorylation, suggesting activation of this kinase. Notably, Shp2 dephosphorylation 

of FYN is required to release the intramolecular inhibition and enhance its activity on 

Nephrin [39]. Moreover, we cannot rule out the regulation of FYN phosphorylation in 

podocytes by other PTP(s). Indeed, Nephrin phosphorylation is concomitantly modulated 

by PTP1B [23], PTP-PEST [23], Shp1 [25], and Shp2 [39]. Interestingly, the high glucose 

induced activation of the FYN/ROCK axis and enhanced motility in cultured podocytes 

are reversed by FYN knockdown and ROCK inhibition [44]. In line with these findings, 

we observed attenuation of high glucose-induced E11 podocyte migration upon Shp2 

knockdown (inactivated FYN) and ROCK inhibition. Although the E11 podocytes are an 

imperfect surrogate, the alterations in cytoskeleton and mobility may model the in vivo 
setting and help decipher the contribution of Shp2 and its substrates. Collectively, the current 

findings establish that Shp2 deficiency attenuates high glucose-induced podocyte migration, 

and highlight FYN as one of the putative mediator of Shp2 action in podocytes.

Despite advancements in understanding the pathomechanisms underlying DN, effective 

treatments that halt the progression to ESRD remain an unmet medical need. Findings 

herein suggest that Shp2 inactivation might afford protection to podocytes from high 

glucose evoked dysfunction and highlight this phosphatase as a pharmacologically tractable 

candidate. Noteworthy, Shp2 is a therapeutic target for receptor tyrosine kinase-driven 

cancers [68], and an allosteric inhibitor of Shp2 shows promise in experimental animal 

models [69]. Additional studies are warranted to delineate the therapeutic potential of Shp2 

pharmacological inhibition in combating DN.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: 
Upregulation of Shp2 in the kidney and E11 podocyte cell line under hyperglycemia. a,b 
Immunoblots of Shp2 and Actin (a), and Ptpn11 mRNA expression (b) in kidneys from 

male mice fed with regular chow (Ctrl), HFD (24 weeks), or challenged with STZ (160 μg/g 

body weight, 20 weeks). Actin served as a protein loading control for immunoblotting (n=4 

per group), and mRNA expression was normalized to Tbp (n=4 per group). Each lane in 

immunoblot represents a sample from an individual mouse. *p ≤ 0.05 indicates a significant 

difference between Ctrl versus STZ-treated and HFD-fed mice. c Confocal images of kidney 

sections from Ctrl, HFD-fed (24 weeks), and STZ-treated (160 μg/g body weight, 20 weeks) 

wild-type male mice co-immunostained for Shp2 (green) and Synaptopodin (Synpo, red). 

Scale bar: 20 μm. The boxed areas in the Merge are enlarged in the lower panel. d 
Differentiated E11 podocytes were treated with high glucose (25 mM; HG) for 0, 24, 48, 

and 72 hours. Cell lysates were immunoblotted for Shp2, Synpo, and Actin. The protein 

expression level was normalized to Actin from three independent experiments. Statistical 
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significance in (d) was considered *p ≤ 0.05 for Shp2 and # p ≤ 0.05 for Synpo between 0h 

and 24h, 48h, and 72 h. A.U.: arbitrary unit.
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Fig. 2: 
Podocyte Shp2 ablation is associated with improved renal function under hyperglycemia. 

a−c Urinary albumin to creatinine ratio (ACR), blood urea nitrogen (BUN), fed and fasted 

serum glucose concentrations, and systolic and diastolic blood pressure of Ptpn11fl/fl and 

Ptpn11fl/fl; Pod-Cre mice treated with vehicle and two STZ models including (a) High (160 

μg/g body weight x1) and (b) Low (50 μg/g body weight x5) doses, and fed a HFD (c). The 

sample number for each group was indicated in dot plots. *p ≤ 0.05, **p ≤ 0.01 vehicle 

versus STZ (a, b), and chow versus HFD (c) of mice with the same genotype. †p ≤ 0.05, ††p 
≤ 0.01 Ptpn11fl/fl versus Ptpn11fl/fl; Pod-Cre under the same treatment.
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Fig. 3: 
Podocyte Shp2 ablation mitigates hyperglycemia-induced renal ER stress, and inflammation. 

a, b Immunoblots of pPERK T981, PERK, peIF2α S51, eIF2α, pIRE1α S724, IRE1α, 

pNF-κB p65 S536, and NF-κB p65 (a), and mRNA expression of inflammatory cytokines 

IL1β, MCP1, and TNFα (b) in kidneys from Ptpn11fl/fl and Ptpn11fl/fl; Pod-Cre mice treated 

without (vehicle) and with STZ (160 μg/g body weight, 20 weeks). Each lane represents 

lysate from an individual animal. Phosphorylation levels of PERK, eIF2α, IRE1α, , and 

NF-κB p65 were normalized with their respective protein (n=6 each group), and mRNA 

expression was normalized to Tbp (n=6 in each group). *p ≤ 0.05, **p ≤ 0.01 vehicle versus 

STZ of mice with the same genotype. †p ≤ 0.05, ††p ≤ 0.01 Ptpn11fl/fl versus Ptpn11fl/fl; 

Pod-Cre under the same treatment. A.U.: arbitrary unit.
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Fig. 4: 
Podocyte Shp2 deficiency attenuates hyperglycemia-induced fibrosis in mice. a,b 
Immunoblots of TGFβRII and Actin (a), and mRNA expression of fibrosis markers pro-

Collagen and αSMA (b) in kidneys from Ptpn11fl/fl and Ptpn11fl/fl; Pod-Cre mice treated 

without (vehicle) and with STZ (160 μg/g body weight, 20 weeks). Each lane in the 

immunoblot represents lysate from an individual animal. Actin served as a protein loading 

control for immunoblot (n=6 in each group), and mRNA expression was normalized to 

Tbp (n=6 in each group). *p ≤ 0.05, **p ≤ 0.01 vehicle versus STZ of mice with the 

same genotype. †p ≤ 0.05, ††p ≤ 0.01 Ptpn11fl/fl versus Ptpn11fl/fl; Pod-Cre under the same 

treatment. A.U.: arbitrary unit. c PAS staining of kidney sections from chow, STZ-treated 

(160 μg/g body weight, 20 weeks), and HFD-fed (24 weeks) Ptpn11fl/fl and Ptpn11fl/fl; 

Pod-Cre mice. Lower panel images are enlarged areas as highlighted by boxes. Arrows 

indicate glomerular basement membrane thickening. Scale bar: 20 μm.

Hsu et al. Page 21

Cell Mol Life Sci. Author manuscript; available in PMC 2024 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5: 
Podocyte Shp2 ablation enhances insulin-induced renal AKT signaling while attenuating 

ERK activation. a Immunoblots of pAKT S473, AKT, pERK Y202/T204, and ERK in 

kidney lysates from Ptpn11fl/fl and Ptpn11fl/fl; Pod-Cre mice without (0) and with insulin 

administration (10 U/kg body weight, for 5 and 15 minutes). Each lane represents lysate 

from an individual animal. Phosphorylation levels of AKT and ERK were normalized to the 

expression of the respective protein. A.U.: arbitrary unit. b, c Confocal images of kidney 

sections from Ptpn11fl/fl and Ptpn11fl/fl; Pod-Cre mice without (−) and with (+) insulin (15 

minutes) immunostained for (b) pAKT S473 and (c) pERK Y202/T204. Boxed areas are 

enlarged in the lower panel. Scale bar: 25 μm.
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Fig. 6: 
Shp2 knockdown in E11 podocytes enhances insulin-induced AKT, attenuates insulin-

induced ERK activation, and mitigates high glucose-evoked ER stress and inflammation. 

Differentiated E11 podocytes with Shp2 knockdown (KD) and reconstitution (KD-R) were 

cultured under normal glucose (NG, 5.6 mM) and high glucose (HG, 25mM) for 72 hours. 

a Overnight starved cells were stimulated without (0) and with insulin (10 nM; for 10 

and 20 minutes). Total cell lysates were immunoblotted with antibodies for pAKT S473, 

AKT, pERK Y202/T204, ERK, Shp2, and Tubulin. Phosphorylation levels of AKT and 

ERK were normalized with their respective protein. b Differentiated Shp2 KD and KD-R 

podocytes were lysed and immunoblotted with antibodies for pPERK T981, PERK, peIF2α 
S51, eIF2α, pIRE1α S724, IRE1α, pNF-κB p65 S536, NF-κB p65, TGFβRII, and Actin. 
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Phosphorylation levels of PERK, eIF2α, IRE1α, and NF-κB p65 were normalized with their 

respective protein, and TGFβRII expression was normalized with Actin. Data presented in 

dot plots were quantified from three independent experiments. *p ≤ 0.05 NG versus HG of 

cells with the same background. †p ≤ 0.05 KD-R versus KD under the same treatment. A.U.: 

arbitrary unit.
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Fig. 7: 
Shp2 disruption attenuates high glucose-induced podocyte migration. a Differentiated E11 

podocytes with Shp2 knockdown (KD) and reconstitution (KD-R) were subjected to 

migration assay under normal glucose (NG, 5.6 mM) and high glucose (HG, 25 mM) 

conditions. Images were captured at 0 and 48 hours post conditioning. Cells migrated 

into the wound area were quantified from four independent experiments. **p ≤ 0.01 

NG versus HG of cells with the same background. ††p ≤ 0.01 KD-R versus KD under 

the same treatment. b Differentiated E11 podocytes with Shp2 substrate-trapping mutant 

reconstitution (KD-DM) were cultured with NG and HG for 72 hours, and total proteins 

were extracted by NP40 and RIPA buffers as indicated. The Shp2 immunoprecipitated 

fractions were immunoblotted to detect FYN and Shp2 levels. c Differentiated Shp2 

KD, and KD-R podocytes were treated with NG and HG for 72 hours. The FYN 

immunoprecipitated fractions were subjected to immunoblotting of pSrc Y416, pSrc Y527, 

and FYN. d Differentiated Shp2 KD and KD-R podocytes were subjected to migration assay 
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without (DMSO) and with ROCK inhibition (Y27632, 10 μM). Images were captured at 0 

and 48 hours under HG culture. *p ≤ 0.05 DMSO versus ROCK inhibitor of cells with the 

same background. ††p ≤ 0.01 KD-R versus KD under the same treatment. Scale bars: 200 

μm.
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