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 CURRENTOPINION Protein phosphatases and podocyte function

Pedro Geraldes

Purpose of review
Deregulation of protecting factor signaling actions in podocytes has emerged as an alternative pathway of
podocyte injury mechanisms. Here, we review recent knowledge that highlighted how podocyte protecting
factors are modulated by protein phosphatases.

Recent findings
Protein tyrosine kinases and phosphatases participate in many, if not all, aspects of cellular function by
turning on or off multiple signaling cascades and podocytes are no exception. Modulation of tyrosine
residue phosphorylation of podocyte factors such as nephrin, vascular endothelial growth factor, insulin
receptors and substrates has been shown to promote podocyte damage and cell death that contributed to
multiple glomerular diseases. Protein phosphatase activity can cause either an increase [Src homology 2
domain-containing phosphatase 2 (SHP-2)] or a decrease [Protein tyrosine phosphatase1B (PTP1B), SHP-1
and SH2 domain–containing 50-inositol phosphatase 2 (SHIP2)] in nephrin tyrosine phosphorylation
depending on which podocyte injury model was used. Insulin resistance is closely linked to the
development and progression of renal disease. Expression of PTP1B, SHP-1, phosphatase and tensin
homolog and SHIP2 are potential mechanisms of podocytes insulin resistance in diabetic kidney disease.

Summary
Tight regulation of protein phosphatases is critical to maintain cell homeostasis and may offer new
perceptive targets to restore protecting factor actions in order to prevent podocyte dysfunction and
glomerular diseases.
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INTRODUCTION
The glomerulus is composed of three main cell types
forming the filtration layer, namely the endothelial
cells at the inside of the capillary, mesangial cells
and podocytes on the outside of the capillary.

Podocytes cell-bodies ‘float’ in the urinary space
and extend cellular projections, called primary pro-
cesses, toward the capillary loops. At the capillary
glomerular basement membrane (GBM) surface,
these projections divide further into terminal foot
processes. The neighboring foot processes derived
from different cells are connected to each other by
a continuous membrane-like structure called the slit
diaphragm. As the slit diaphragm is the final barrier
thatpreventsprotein leakage into the urinary space, it
is not surprising to observe that, independently of the
underlying disease, the early events of glomerulopa-
thies are characterized by alterations in the molecular
composition of the slit diaphragm. These alterations,
although reversible at an early stage, may lead to
podocyte dysfunction, detachment from the GBM
and ultimately in podocyte cell death. Several endog-
enous factors have been characterized to confer

podocyte protection against toxic effects of stress
and inflammatory signals. The main focus of this
review is to overview how these protecting factors
are deregulated by protein phosphatases contributing
to podocyte dysfunction and glomerular disease.

OVERVIEW OF PROTECTING FACTORS IN
PODOCYTES

Nephrin
Among all components of the slit diaphragm, neph-
rin plays a critical role in maintaining glomerular
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permeability. The inactivation of the nephrin gene
in mice resulted in severe proteinuria and foot pro-
cess effacement [1]. The extracellular domain of
nephrin aligns with nephrin molecules from the
neighboring foot process in an antiparallel mode.
The cytoplasmic tail of nephrin contains several
tyrosine residues that are conserved from zebrafish
to humans. The tyrosine phosphorylation of neph-
rin is regulated by the Src-family kinase Fyn and
genetic inactivation of both Fyn and Lyn caused
proteinuria in mice [2]. Notably, several phosphor-
ylated tyrosine residues are located within motifs
that could provide a docking site for SH2 domain-
containing kinases and adaptor proteins including
Nck [3–5,6&&], CD2-associated protein (CD2AP) [7]
and phosphoinositol-3 kinase (PI3K)/Akt. These
adaptor proteins regulate nephrin-induced actin
remodeling and cell survival [4,8,9]. Therefore,
nephrin appears to be an essential factor not only
of podocyte remodeling but also of podocyte func-
tion and survival. Not surprisingly, decreased neph-
rin expression and signaling have been observed
early in many podocyte injury models [6&&]. More
recently, a study established a new role of nephrin as
cell nutrient-sensing modulator in podocytes inde-
pendently of insulin [10&&].

Insulin
Insulin has been shown to be essential for normal
glomerular filtration. Of all three cell types in the
glomeruli, podocytes are the one with the higher
levels of both insulin receptor and insulin receptor
subtract (IRS)-1 expression. Coward et al. [11]
showed that podocytes are insulin-responsive cells.
The loss of insulin-stimulated Akt phosphorylation
has been reported in podocytes of both type 1 [12]

and type 2 diabetes mouse models [13]. The inability
to signal through Akt2 was associated with increased
podocyte death susceptibility [14]. Therefore, podo-
cyte insulin sensitivity appears to be crucial for their
function. Strategies to enhance insulin response in
podocytes, like treatment with adiponectin [15],
leptin [16] and PPAR family (alpha, delta, gamma)
agonist [17,18], have all shown beneficial effects in
preventing glomerular damage and podocyte dys-
function. More evidence for the critical role of insu-
lin in podocyte function came from mice with
podocyte-specific deletion of the insulin receptor
[19]. In these animals, albuminuria developed,
along with effacement of the podocyte foot process,
apoptosis, thickening of the GBM and increased
glomerulosclerosis. In addition, studies have
reported that the expression levels of the insulin
receptor and IRS1 were decreased in the glomeruli of
insulin-resistant and diabetic rats [20,21]. Recent
data demonstrated that high glucose levels impaired
IRS-1 activation favoring the phosphorylation of the
serine residues (that inhibits IRS-1 activity) rather
than tyrosine phosphorylation [22&]. IRS-2 has also
been shown to participate in sensitizing the podo-
cytes to insulin. Podocytes depleted of IRS-2 were
insulin resistant in respect to Akt stimulation, glu-
cose transporter type 4-mediated glucose uptake,
cytoskeleton remodeling and cell motility [23].
Moreover, insulin regulates podocyte function by
modulation of vascular endothelial growth factor-A
(VEGF-A) production both in vitro and in vivo [24].
There is also an important cross-talk between neph-
rin and insulin. Inhibition of nephrin translocation
to plasma membrane rendered podocytes unrespon-
sive to insulin, an effect that was rescued by restor-
ing nephrin membrane expression [25]. In addition
to these functions, insulin signaling may also mod-
ify podocyte contractility by regulating the calcium
ion influx via the coordinated actions of large con-
ductance Ca2þ-activated Kþ (BK) channels and the
cation channel, transient receptor potential cation
channel, subfamily C, member 6 through a calci-
neurin-dependent pathway [26,27].

Vascular endothelial growth factor
Podocytes are the main VEGF producer cells, with
VEGF-A being the most abundant isoform [28]. In
order to ensure a good formation of the glomeruli,
tight regulation of VEGF expression by podocytes
is crucial, as both podocyte-specific deletion and
overexpression of VEGF during development lead
to dramatic and distinct glomerular phenotypes
[28–32]. Although the paracrine effect of podo-
cyte-produced VEGF on endothelial cells is well
described, an autocrine pathway for VEGF-A in

KEY POINTS

" Different models of podocyte injury can either increase
or decrease nephrin tyrosine phosphorylation of which
tyrosine phosphatases play a key role.

" Impaired insulin signaling in podocytes of both type 1
and type 2 diabetes mouse models is attributed to
protein phosphatase PTP1B, SHP-1, PTEN and SHIP2
activity.

" Persistent podocyte expression of SHP-1 due to
epigenetic changes could be a potential mechanism for
the glycemic memory phenomenon as seeing diabetes
kidney disease.

" Distinctive VEGF isoforms can have detrimental or
beneficial effects on podocyte foot process effacement
and glomerular diseases.
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podocytes remains highly controversial. Mouse
podocytes in vivo express negligible VEGFR2 and
podocyte-derived VEGFR2 did not contribute to
the diseases observed when there is too much or
too little glomerular VEGF [28]. However, other
studies demonstrated that VEGFR1, VEGFR2,
VEGFR3 and neuropilin-1 are important receptors
for VEGF responsiveness in podocytes [33–36]. In
addition, VEGF may modulate local complement
proteins that could protect the glomerular micro-
vasculature against complement-mediated injury
[37&]. VEGF-A also regulates slit diaphragm signaling
and podocyte shape by inducing podocin upregu-
lation, podocin–CD2AP interaction and nephrin
phosphorylation in cultured podocytes [36,38].
Although this association was not demonstrated
in vivo, these findings strongly implicated VEGFR2
signaling in podocytes as nephrin expression in the
kidney is limited to this cell type. The necessity to
have a good amount of VEGF was also highlighted
by the observation that deletion of the Flt1 gene,
which codes for VEGFR-1 and its soluble form
(sFLT1), is lethal. Apart from inhibition of VEGF,
sFlt1 can regulate podocyte cell morphology and
glomerular barrier function [39]. Other VEGF-A iso-
forms, notably VEGF-A165b, have been recently
shown to protect glomerular changes in the diabetic
condition [40,41&]. Further, VEGF-B can modulate
fatty acid (FA) transport proteins to promote FA
uptake into cells. Recent data showed that VEGF-
B-induced lipid accumulation in podocytes caused
insulin resistance [42&&]. Finally, VEGF-C through
activation of VEGFR3 may provide protection
against the cytotoxic effect of serum starvation [43].

REGULATION OF PROTEIN
PHOSPHATASES IN PODOCYTES
As described above, survival factors such as nephrin,
insulin and VEGF trigger signaling pathways that
influence podocyte function and survival. Nephrin
and receptors of insulin and VEGF are mainly regu-
lated by a balance between tyrosine phosphoryla-
tion and dephosphorylation. Any disruption in the
equilibrium between protein tyrosine kinase activity
and protein tyrosine phosphatase (PTP) activity will
promote abnormal cell proliferation or death,
thereby resulting in various pathophysiological
abnormalities. Evidence that PTP plays an impor-
tant role in podocyte homeostasis was shown by
treating podocytes with a nonspecific PTP inhibitor
that provoked drastic morphological alterations in
the actin cytoskeleton network [44]. Initial expres-
sion profile of PTP by qPCR in a mouse podocyte cell
line indicated that the protein tyrosine phosphatase
1B (PTP1B), Src homology-2 domain phosphatase-2,

PTP-proline, glutamate, serine and threonine
sequences (PTP-PEST) and PTP36 were expressed
in these cells [44]. Since then, other PTPs have been
implicated in podocyte function.

Glomerular epithelial protein 1
The glomerular epithelial protein 1 (GLEPP1) is a
receptor membrane PTP expressed on the apical cell
membrane of the podocyte foot process. GLEPP1
is the most abundant tyrosine phosphatase in
podocytes that plays a role in controlling cellular
signaling, actin cytoskeleton remodeling and per-
meability. Disruption of tyrosine phosphorylation
of nephrin can alter its association with other pro-
teins at the membrane. Deletion or reduction of
GLEPP1 expression has been observed in podocyte
injury models causing foot process effacement as
well as in various proteinuric nephropathies, such as
primary focal segmental glomerulosclerosis (FSGS),
severe immunoglobulin A nephropathy and child-
hood-onset nephrotic syndrome [45–47]. GLEPP1-
deficient mice displayed podocytes with amoeboid
shape rather than the typical octopoid shape with
blunted and widened foot process, reduced total
slit diaphragm length and increased blood pressure
after uninephrectomy [48]. In a model of podocyte
damage [puromycin aminonucleoside (PAN)],
downregulation of GLEPP1 preceded the onset of
proteinuria [49] and inhibition of GLEPP1 with
specific antibodies raised albumin permeability
in both rat and rabbit glomeruli, supporting
GLEPP1’s critical role in preserving the glomerular
permeability [50].

Protein tyrosine phosphatase 1B
PTP1B is a major regulator of insulin and leptin
signaling [51,52]. By dephosphorylating the insulin
receptor and IRS-1, PTP1B negatively regulates
downstream insulin signaling and participates in
insulin resistance. In contrast, PTP1B-deficient mice
exhibited elevated insulin sensitivity and were resis-
tance to obesity [51]. Thus, it is not surprising that
PTP1B was considered as an attractive antidiabetic
target to treat type 2 diabetes. In the kidney, Dr
Takano’s group showed that PTP1B is implicated in
podocyte physiology. PTP1B was upregulated in
injured podocytes using the rat model of PAN,
adriamycin or lipopolysaccharide (LPS) [53,54]. Ele-
vated levels of PTP1B directly dephosphorylated
nephrin, leading to deregulation of the actin cyto-
skeleton structure [53], foot process effacement
and proteinuria [54]. In contrast, PTP1B null mice
with anti-GBM glomerulonephritis displayed less
podocyte loss, reduced endoplasmic reticulum

Protein phosphatases and podocyte function Geraldes

1062-4821 Copyright ! 2017 Wolters Kluwer Health, Inc. All rights reserved. www.co-nephrolhypertens.com 3

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



CE: Alpana; MNH/270108; Total nos of Pages: 7;

MNH 270108

dysfunction and proteinuria [55]. The same group
has also generated podocyte-specific PTP1B knock-
out mice and podocyte-specific PTP1B transgenic
mice to further investigate the role of PTP1B in
podocyte biology [54]. They showed that PTP1B
overexpression exacerbated LPS-induced podocyte
injury by activating focal adhesion kinase (FAK)
through dephosphorylation of Src-family kinases
(causing its activation). Increased activity of FAK
was associated with podocyte motility in vitro and
proteinuria in vivo. Apart from FAK activation, the
authors investigated the possibility that the absence
of PTP1B could preserve nephrin tyrosine phosphor-
ylation [54]. PTP1B-deficient mice exhibited ele-
vated nephrin phospho-tyrosine residues (Y1232)
involved in the interaction of nephrin with Nck.
In contrast, phosphorylation of Y1232 of nephrin
was decreased in podocyte-specific PTP1B trans-
genic mice. PTP1B can also dephosphorylate an
array of receptor tyrosine kinases. Thus, it is possible
that upregulation of PTP1B in podocyte damage
models deactivates, directly or indirectly, insulin
receptor, IRS1 and insulin-like growth factor recep-
tor. In a rat model of fructose-induced insulin resis-
tance, PTP1B expression was upregulated and
associated with reduction of insulin receptor and
IRS1 tyrosine phosphorylation [56]. Caveolin-1, a
critical regulator of insulin receptor expression, is
highly expressed in podocytes. PTP1B overexpres-
sion decreased tyrosine residue 14 (Y14) phosphor-
ylation of caveolin-1 in podocytes [56] suggesting
that podocytes exposed to high levels of fructose
displayed insulin signaling impairment through
increased expression of PTP1B.

Src homology region 2 domain-containing
phosphatase-1
The Src homology region 2 domain-containing
phosphatase-1 (SHP-1) is a cytoplasmic tyrosine
phosphatase that regulates a variety of cellular pro-
cesses including cell growth, differentiation, mitotic
cycle and oncogenic transformation. Our group and
others have demonstrated that SHP-1 is expressed in
podocytes and is increased in type 1 diabetic glo-
meruli and in immortalized mouse cultured podo-
cytes exposed to high glucose levels [12,57,58].
Diabetes-induced elevated SHP-1 expression in
podocytes was a consequence of protein kinase C
d isoform activation [57]. The upregulation of SHP-1
expression and activity was associated with inhibi-
tion of VEGF-A actions, including phosphoryla-
tion of VEGFR2. In addition, SHP-1 directly
interacted with the insulin receptor-b, which
reduced insulin signaling pathway and increased
podocyte cell death. More recently, increased

expression of SHP-1 in diabetes persisted despite
normoglycemia for several months in renal glomer-
uli due to epigenetic modifications in the SHP1
promoter region [59&&], suggesting that SHP-1 could
be a potential explanation of the glycemic memory
effect observed in some diabetic patients. Apart from
insulin receptor and VEGFR, SHP-1 also binds to
specific tyrosine residues of nephrin. Diabetes-
induced reduction of nephrin phosphorylation
was caused by SHP1 interaction with nephrin [60].
Taken together, these studies have demonstrated
that elevated SHP-1 expression in diabetic kidney
could be an important regulator of protecting fac-
tors, which may contribute to the progression of
diabetic nephropathy.

Src homology region 2 domain-containing
phosphatase-2
Src homology 2 domain-containing phosphatase 2
(SHP-2) is a ubiquitously expressed nontransmem-
brane phosphatase essential during development as
the SHP-2 null mice are embryonically lethal [61]. In
contrast to SHP-1 that deactivates receptor tyrosine
kinases, SHP-2 is required for full activation of most
of the receptor tyrosine kinase actions, suggesting
that SHP-2 plays a significant role in maintaining
many facets of cell signaling. Podocyte-specific SHP-
2-deficient mice did not develop foot process
spreading after injury using protamine sulfate or
nephrotoxic serum models [62]. In this article, the
author showed that, like SHP-1, SHP-2 bounds with
nephrin tyrosine residues 1174 and 1172. However,
in contrast to SHP-1, the absence of SHP-2 in podo-
cytes prevented protamine sulfate-induced nephrin
phosphorylation, suggesting that SHP-2 is needed
for nephrin phosphorylation in response to specific
podocyte damage.

Interestingly, the authors noted that increased
SHP-2 activity in the kidney was found in patients
with minimal-change nephrosis and membranous
nephropathy but not with FSGS. More recently, a
study reported that podocyte-specific SHP-2 dele-
tion attenuated LPS-induced proteinuria by decreas-
ing renal nuclear factor-kappa B and mitogen-
activated protein kinase (MAPK) pathways [63&].
These observations identified SHP-2 as a significant
contributor of podocyte damage following an
inflammatory response.

Phosphatase and tensin homolog
Phosphatase and tensin homolog (PTEN) is a dual-
function lipid and protein phosphatase implicated
in cell growth, migration and metabolism. PTEN
prevents PI3K pathways by dephosphorylating
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phosphatidylinositol-3,4,5-triphosphate (PIP3) into
phosphatidylinositol-3,4-bisphosphate (PIP2), which
results in the prevention of Akt activation. PTEN
modulates cytoskeleton dynamics raising the idea
that PTEN acts in podocyte actin remodeling in
response to stressful condition such as diabetes. In
cultured podocytes, PTEN expression was either not
changed or increased by high glucose levels depend-
ing on the exposure time [12,64]. In contrast, another
study established that PTEN levels were decreased in
podocytes of db/db mice and patients with diabetic
nephropathy [65]. Giving that the PI3K/Akt pathway
is important for podocyte function, deletion of PTEN
could be viewed as beneficial. However, podocyte-
specific PTEN null mice exhibited an increase in
albuminuria as compared to control littermates fed
with high-fat diet [65]. Pathological examination
detected early glomerulosclerosis, interrupted neph-
rin immunostaining and extensive foot process
effacement in podocyte-specific PTEN-deficient mice
maintained on a high-fat diet. The author suggested
that the loss of PTEN in podocytes did not favor
insulin signaling due to its localization. Insulin recep-
tor is mainly located in the cell body, whereas PTEN
has been visualized in the foot process. Another
potential explanation is that deletion of PTEN in
podocytes caused swelling of the glomerular endo-
thelial cells reinforcing the need to better understand
thecrosstalk communication between podocytesand
glomerular endothelial cells.

Lipid phosphatase SH2 domain–containing
50-inositol phosphatase 2
Lipid phosphatase SH2 domain-containing 50-
inositol phosphatase 2 (SHIP2) downregulates the
PI3K/Akt-mediated signaling pathway, caused by
insulin and other growth factors, by hydrolyzing
PIP3 to PIP2. SHIP2 overexpression in rodents
had a negative feedback on glucose tolerance [66],
whereas

SHIP2 knockout mice were resistant to high-fat
diet-induced obesity and insulin resistance [67].
Overexpression of SHIP2 was able to reduce Akt
phosphorylation and promoted cell injury in podo-
cytes [68]. In addition, previous study by Fornoni’s
group established that a podocyte cell line derived
from db/db mice was incapable to activate Akt upon
insulin stimulation due to upregulation of SHIP2 in
podocytes [13]. Another study corroborated this
finding by reporting SHIP2 upregulation in the glo-
meruli of obese Zucker rats, a model of insulin
resistance. Data from this study also suggested that
SHIP2 was not regulated by hyperglycemia as obese
Zucker rats did not exhibit significant elevated
blood glucose levels nor did high glucose-level

exposure altered SHIP2 expression in cultured podo-
cytes [68].

In addition to insulin, SHIP2 interacted with
c-Abl to reduce nephrin-stimulated Akt under
angiotensin II stimulation [69&]. SHIP2 is also
involved in nephrin’s capacity to assemble a protein
complex (filamin and lamellipodin) in a tyrosine
phosphorylation-dependent manner giving neph-
rin’s ability to initiate the generation of the actin
filament and regulate the architecture of the actin
network [70].

Serine/threonine phosphatases
The protein phosphatase-1 (PP1) and protein phos-
phatase-2A (PP2A) are known as serine/threonine
phosphatases which are implicated in various cellu-
lar processes such as cell cycle regulation, metabo-
lism and insulin resistance. It has been previously
demonstrated that the PP1 activity was increased in
podocytes exposed to advanced glycation end prod-
ucts as well as in the kidney of type 2 diabetic mice
(db/db) [71]. The suppression of PP1 endogenous
inhibitor by advanced glycation end-products led
to PP1 activation causing cell cycle arrest and cellu-
lar hypertrophy of the podocytes. In hepatocytes,
hyperactivity of PP2A is involved in the develop-
ment of insulin resistance. A previous study indi-
cated that PP2A was activated by free FA-induced
insulin resistance resulting in human podocyte cell
death [72]. However, how PP2A deregulates specific
proteins of the insulin signaling cascade remains
to be determined. As serine/threonine phosphory-
lation stabilized synaptopodin [73&], it would be
interesting to investigate if serine/threonine phos-
phatases may participate to synaptopodin degrada-
tion resulting in a damaged podocyte actin
cytoskeleton network.

CONCLUSION
The necessity to halt or even reverse glomerular
diseases is critically needed to decrease the major
burden of chronic kidney diseases. Therapeutically,
modulating protein phosphatase remains challeng-
ing because of a lack of specific inhibitors. However,
this approach may provide better outcomes to pre-
serve podocyte function.
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14. Canaud G, Bienaimé F, Viau A, et al. AKT2 is essential to maintain podocyte
viability and function during chronic kidney disease. Nat Med 2013;
19:1288–1296.

15. Sharma K, Ramachandrarao S, Qiu G, et al. Adiponectin regulates albumi-
nuria and podocyte function in mice. J Clin Invest 2008; 118:1645–1656.

16. Suganami T, Mukoyama M, Mori K, et al. Prevention and reversal of renal injury
by leptin in a new mouse model of diabetic nephropathy. FASEB J 2005;
19:127–129.

17. Lee EY, Kim GT, Hyun M, et al. Peroxisome proliferator-activated receptor-
delta activation ameliorates albuminuria by preventing nephrin loss and
restoring podocyte integrity in type 2 diabetes. Nephrol Dial Transplant
2012; 27:4069–4079.

18. Miglio G, Rosa AC, Rattazzi L, et al. Protective effects of peroxisome
proliferator-activated receptor agonists on human podocytes: proposed
mechanisms of action. Br J Pharmacol 2012; 167:641–653.

19. Welsh GI, Hale LJ, Eremina V, et al. Insulin signaling to the glomerular
podocyte is critical for normal kidney function. Cell Metab 2010;
12:329–340.

20. Tiwari S, Halagappa VK, Riazi S, et al. Reduced expression of insulin
receptors in the kidneys of insulin-resistant rats. J Am Soc Nephrol 2007;
18:2661–2671.

21. Mima A, Ohshiro Y, Kitada M, et al. Glomerular-specific protein kinase C-beta-
induced insulin receptor substrate-1 dysfunction and insulin resistance in rat
models of diabetes and obesity. Kidney Int 2011; 79:883–896.

22.
&

Katsoulieris EN, Drossopoulou GI, Kotsopoulou ES, et al. High glucose
impairs insulin signaling in the glomerulus: an in vitro and ex vivo approach.
PLoS One 2016; 11:e0158873.

High glucose exposure increased IRS-1 serine phosphorylation thereby reducing
tyrosine phosphorylation in podocytes.
23. Santamaria B, Marquez E, Lay A, et al. IRS2 and PTEN are key molecules in

controlling insulin sensitivity in podocytes. Biochim Biophys Acta 2015;
1853:3224–3234.

24. Hale LJ, Hurcombe J, Lay A, et al. Insulin directly stimulates VEGF-A
production in the glomerular podocyte. Am J Physiol 2013; 305:F182–F188.

25. Coward RJ, Welsh GI, Koziell A, et al. Nephrin is critical for the action of insulin
on human glomerular podocytes. Diabetes 2007; 56:1127–1135.

26. Kim EY, Dryer SE. Effects of insulin and high glucose on mobilization of slo1
BKCa channels in podocytes. J Cell Physiol 2011; 226:2307–2315.

27. Xia S, Liu Y, Li X, et al. Insulin increases expression of TRPC6 channels in
podocytes by a calcineurin-dependent pathway. Cell Physiol Biochem 2016;
38:659–669.

28. Sison K, Eremina V, Baelde H, et al. Glomerular structure and function require
paracrine, not autocrine, VEGF-VEGFR-2 signaling. J Am Soc Nephrol 2010;
21:1691–1701.

29. Eremina V, Sood M, Haigh J, et al. Glomerular-specific alterations of VEGF-A
expression lead to distinct congenital and acquired renal diseases. J Clin
Invest 2003; 111:707–716.

30. Eremina V, Cui S, Gerber H, et al. Vascular endothelial growth factor a
signaling in the podocyteendothelial compartment is required for mesangial
cell migration and survival. J Am Soc Nephrol 2006; 17:724–735.

31. Veron D, Reidy K, Marlier A, et al. Induction of podocyte VEGF164 over-
expression at different stages of development causes congenital nephrosis or
steroid-resistant nephrotic syndrome. Am J Pathol 2010; 177:2225–2233.

32. Veron D, Reidy KJ, Bertuccio C, et al. Overexpression of VEGF-A in podo-
cytes of adult mice causes glomerular disease. Kidney Int 2010;
77:989–999.

33. Foster RR, Hole R, Anderson K, et al. Functional evidence that vascular
endothelial growth factor may act as an autocrine factor on human podocytes.
Am J Physiol 2003; 284:F1263–F1273.

34. Chen S, Kasama Y, Lee JS, et al. Podocyte-derived vascular endothelial
growth factor mediates the stimulation of alpha3(IV) collagen production by
transforming growth factor-beta1 in mouse podocytes. Diabetes 2004;
53:2939–2949.

35. Harper SJ, Xing CY, Whittle C, et al. Expression of neuropilin-1 by human
glomerular epithelial cells in vitro and in vivo. Clin Sci (Lond) 2001;
101:439–446.

36. Guan F, Villegas G, Teichman J, et al. Autocrine VEGF-A system in podocytes
regulates podocin and its interaction with CD2AP. Am J Physiol 2006;
291:F422–F428.

37.
&

Keir LS, Firth R, Aponik L, et al. VEGF regulates local inhibitory complement
proteins in the eye and kidney. J Clin Invest 2017; 127:199–214.

VEGF protects the glomerular microvasculature through inhibition of local com-
plement factor H-mediated damage.
38. Bertuccio C, Veron D, Aggarwal PK, et al. Vascular endothelial growth factor

receptor 2 direct interaction with nephrin links VEGF-A signals to actin in
kidney podocytes. J Biol Chem 2011; 286:39933–39944.

39. Jin J, Sison K, Li C, et al. Soluble FLT1 binds lipid microdomains in podocytes
to control cell morphology and glomerular barrier function. Cell 2012;
151:384–399.

40. Oltean S, Qiu Y, Ferguson JK, et al. Vascular endothelial growth factor-A165b
is protective and restores endothelial glycocalyx in diabetic nephropathy. J Am
Soc Nephrol 2015; 26:1889–1904.

41.
&

Stevens M, Neal CR, Salmon AHJ, et al. VEGF-A165 b protects against
proteinuria in a mouse model with progressive depletion of all endogenous
VEGF-A splice isoforms from the kidney. J Physiol 2017; 595:6281–6298.

Overexpression of VEGF-A165 b alone is sufficient to rescue the increase in
proteinuria in the context of progressive depletion of all VEGF-A isoforms from the
podocytes.
42.
&&

Falkevall A, Mehlem A, Palombo I, et al. Reducing VEGF-B signaling ame-
liorates renal lipotoxicity and protects against diabetic kidney disease. Cell
Metab 2017; 25:713–726.

Inhibition of VEGF-B in streptozotocin-induced diabetes, db/db and high-fat diet
models prevented lipid accumulation in podocytes and halted the development of
diabetic kidney disease.
43. Muller-Deile J, Worthmann K, Saleem M, et al. The balance of autocrine

VEGF-A and VEGF-C determines podocyte survival. Am J Physiol 2009;
297:F1656–F1667.

44. Reiser J, Pixley FJ, Hug A, et al. Regulation of mouse podocyte process
dynamics by protein tyrosine phosphatases rapid communication. Kidney Int
2000; 57:2035–2042.

45. Sharif K, Goyal M, Kershaw D, et al. Podocyte phenotypes as defined by
expression and distribution of GLEPP1 in the developing glomerulus and in
nephrotic glomeruli from MCD, CNF, and FSGS. A dedifferentiation hypoth-
esis for the nephrotic syndrome. Exp Nephrol 1998; 6:234–244.

46. Tian J, Wang HP, Mao YY, et al. Reduced glomerular epithelial protein 1
expression and podocyte injury in immunoglobulin A nephropathy. J Int Med
Res 2007; 35:338–345.

Hormones, autacoids, neurotransmitters and growth factors

6 www.co-nephrolhypertens.com Volume 26 " Number 00 " Month 2017

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



CE: Alpana; MNH/270108; Total nos of Pages: 7;

MNH 270108

47. Ozaltin F, Ibsirlioglu T, Taskiran EZ, et al. Disruption of PTPRO causes
childhood-onset nephrotic syndrome. Am J Hum Genet 2011; 89:139–147.

48. Wharram BL, Goyal M, Gillespie PJ, et al. Altered podocyte structure in
GLEPP1 (Ptpro)-deficient mice associated with hypertension and low glo-
merular filtration rate. J Clin Invest 2000; 106:1281–1290.

49. Clement LC, Liu G, Perez-Torres I, et al. Early changes in gene expression that
influence the course of primary glomerular disease. Kidney Int 2007;
72:337–347.

50. Charba DS, Wiggins RC, Goyal M, et al. Antibodies to protein tyrosine
phosphatase receptor type O (PTPro) increase glomerular albumin perme-
ability (P(alb)). Am J Physiol 2009; 297:F138–F144.

51. Elchebly M, Payette P, Michaliszyn E, et al. Increased insulin sensitivity and
obesity resistance in mice lacking the protein tyrosine phosphatase-1B gene.
Science 1999; 283:1544–1548.

52. Morris DL, Rui L. Recent advances in understanding leptin signaling and leptin
resistance. Am J Physiol 2009; 297:E1247–E1259.

53. Aoudjit L, Jiang R, Lee TH, et al. Podocyte protein, nephrin, is a substrate
of protein tyrosine phosphatase 1B. J Signal Transduct 2011; 2011:
376543.

54. Kumagai T, Baldwin C, Aoudjit L, et al. Protein tyrosine phosphatase 1B
inhibition protects against podocyte injury and proteinuria. Am J Pathol 2014;
184:2211–2224.

55. Nezvitsky L, Tremblay ML, Takano T, et al. Complement-mediated glomerular
injury is reduced by inhibition of protein-tyrosine phosphatase 1B. Am J
Physiol 2014; 307:F634–F647.

56. Ding XQ, Gu TT, Wang W, et al. Curcumin protects against fructose-induced
podocyte insulin signaling impairment through upregulation of miR-206. Mol
Nutr Food Res 2015; 59:2355–2370.

57. Mima A, Kitada M, Geraldes P, et al. Glomerular VEGF resistance induced by
PKC(/SHP-1 activation and contribution to diabetic nephropathy. FASEB J
2012; 26:2963–2974.

58. Kurihara H, Harita Y, Ichimura K, et al. SIRP-alpha-CD47 system functions as
an intercellular signal in the renal glomerulus. Am J Physiol 2010;
299:F517–F527.

59.
&&

Lizotte F, Denhez B, Guay A, et al. Persistent insulin resistance in podocytes
caused by epigenetic changes of SHP-1 in diabetes. Diabetes 2016;
65:3705–3717.

Diabetes induced epigenetic modifications at the H3K9/14ac and H3K4me1 of
the SHP-1 promoter region to sustain SHP-1 expression and impaired insulin
signaling in podocytes despite normoglycemia.
60. Denhez B, Lizotte F, Guimond MO, et al. Increased SHP-1 protein expression

by high glucose levels reduces nephrin phosphorylation in podocytes. J Biol
Chem 2015; 290:350–358.

61. Saxton TM, Henkemeyer M, Gasca S, et al. Abnormal mesoderm patterning in
mouse embryos mutant for the SH2 tyrosine phosphatase Shp-2. EMBO J
1997; 16:2352–2364.

62. Verma R, Venkatareddy M, Kalinowski A, et al. Shp2 associates with and
enhances nephrin tyrosine phosphorylation and is necessary for foot process
spreading in mouse models of podocyte injury. Mol Cell Biol 2015;
36:596–614.

63.
&

Hsu MF, Bettaieb A, Ito Y, et al. Protein tyrosine phosphatase Shp2 deficiency
in podocytes attenuates lipopolysaccharide-induced proteinuria. Sci Rep
2017; 7:461.

LPS-induced NF-kB and MAPK activation, nephrin phosphorylation, attenuated
endoplasmic reticulum stress and elevated proteinuria were reduced in mice that
did not express SHP-2 in podocytes.
64. Xing L, Liu Q, Fu S, et al. PTEN inhibits high glucose-induced phenotypic

transition in podocytes. J Cell Biochem 2015; 116:1776–1784.
65. Lin J, Shi Y, Peng H, et al. Loss of PTEN promotes podocyte cyto-

skeletal rearrangement, aggravating diabetic nephropathy. J Pathol 2015;
236:30–40.

66. Kagawa S, Soeda Y, Ishihara H, et al. Impact of transgenic overexpression of
SH2-containing inositol 5’-phosphatase 2 on glucose metabolism and insulin
signaling in mice. Endocrinology 2008; 149:642–650.

67. Sleeman MW, Wortley KE, Lai KM, et al. Absence of the lipid phosphatase
SHIP2 confers resistance to dietary obesity. Nat Med 2005; 11:199–205.

68. Hyvonen ME, Saurus P, Wasik A, et al. Lipid phosphatase SHIP2 down-
regulates insulin signalling in podocytes. Mol Cell Endocrinol 2010;
328:70–79.

69.
&

Yang Q, Ma Y, Liu Y, et al. Angiotensin II down-regulates nephrin-Akt signaling
and induces podocyte injury: roleof c-Abl. Mol Biol Cell 2016; 27:197–208.

Angiotensin II stimulated SHIP2 interaction with c-Abl prevented nephrin-induced
Akt signaling in podocytes.
70. Venkatareddy M, Cook L, Abuarquob K, et al. Nephrin regulates lamellipodia

formation by assembling a protein complex that includes Ship2, filamin and
lamellipodin. PLoS One 2011; 6:e28710.

71. Liebisch M, Bondeva T, Franke S, et al. Activation of the receptor for advanced
glycation end products induces nuclear inhibitor of protein phosphatase-1
suppression. Kidney Int 2014; 86:103–117.

72. Kumar S, Tikoo K. Independent role of PP2A and mTORc1 in palmitate
induced podocyte death. Biochimie 2015; 112:73–84.

73.
&

Buvall L, Wallentin H, Sieber J, et al. Synaptopodin is a coincidence detector
of tyrosine versus serine/threonine phosphorylation for the modulation of rho
protein crosstalk in podocytes. J Am Soc Nephrol 2017; 28:837–851.

Synaptopodin stability and degradation regulated the status of its serine/threonine
and tyrosine phosphorylation in podocytes.

Protein phosphatases and podocyte function Geraldes

1062-4821 Copyright ! 2017 Wolters Kluwer Health, Inc. All rights reserved. www.co-nephrolhypertens.com 7

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


