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Impact statement

In the last two decades, SOCE has
emerged as a major Ca®" signaling mech-
anism in myriad cells, yet its complex reg-
ulation and the membrane channels
involved are not fully understood. SOCE
plays diverse roles in different renal cell
types, even in the same organ system.
SOCE disturbances are pivotal to the
pathogenesis of many renal disorders,
including renal fibrosis in chronic kidney
disease, polycystic kidney disease, water
imbalance, and acute-to-chronic kidney
disease transition. Our knowledge about
SOCE-associated renal disorders is grow-
ing exponentially. This review integrates
recent and current research in the physi-
ology and pathophysiology of renal SOCE.
Discussed in detail are several putative
SOCE-regulated pathways that modulate
synthesis of extracellular matrix, with direct
relevance to fibrotic kidney diseases.

Abstract

Research conducted over the last two decades has dramatically advanced the understand-
ing of store-operated calcium channels (SOCC) and their impact on renal function. Kidneys
contain many types of cells, including those specialized for glomerular filtration (fenestrated
capillary endothelium, podocytes), water and solute transport (tubular epithelium), and reg-
ulation of glomerular filtration and renal blood flow (vascular smooth muscle cells, mesangial
cells). The highly integrated function of these myriad cells effects renal control of blood
pressure, extracellular fluid volume and osmolality, electrolyte balance, and acid-base
homeostasis. Many of these cells are regulated by Ca®* signaling. Recent evidence dem-
onstrates that SOCCs are major Ca®>" entry portals in several renal cell types. SOCC is
activated by depletion of Ca®" stores in the sarco/endoplasmic reticulum, which commu-
nicates with plasma membrane SOCC via the Ca®" sensor Stromal Interaction Molecule 1
(STIM1). Orail is recognized as the main pore-forming subunit of SOCC in the plasma
membrane. Orai proteins alone can form highly Ca®* selective SOCC channels. Also, mem-
bers of the Transient Receptor Potential Canonical (TRPC) channel family are proposed to
form heteromeric complexes with Orai1 subunits, forming SOCC with low Ca®" selectivity.

Recently, Ca* entry through SOCC, known as store-operated Ca?* entry (SOCE), was identified in glomerular mesangial cells,
tubular epithelium, and renovascular smooth muscle cells. The physiological and pathological relevance and the characterization
of SOCC complexes in those cells are still unclear. In this review, we summarize the current knowledge of SOCC and their roles in
renal glomerular, tubular and vascular cells, including studies from our laboratory, emphasizing SOCE regulation of fibrotic protein
deposition. Understanding the diverse roles of SOCE in different renal cell types is essential, as SOCC and its signaling pathways
are emerging targets for treatment of SOCE-related diseases.
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Introduction

The complex physiological functions of mammalian kid-
neys require functional integration of diverse, highly
specialized cells including vascular endothelium and
smooth muscle, glomerular mesangial cells (MCs), podo-
cytes, and tubular epithelial cells. The discovery of store-
operated Ca®" channels (SOCC) in these diverse renal cells
has ignited intense research effort to delineate the
contributions of store-operated Ca”>" entry (SOCE) to
renal function and the complex neuroendocrine regulation
of renal blood flow, glomerular filtration, and tubular
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handling of water and electrolytes. In particular, SOCE
has emerged as a crucial regulator of extracellular matrix
(ECM) synthesis and deposition by glomerular MCs, and a
convergence point of neuroendocrine and paracrine signal-
ing mechanisms. Moreover, SOCE dysregulation is impli-
cated in the pathogenesis of mesangial and interstitial
fibrosis in diabetic nephropathy, polycystic kidney disease,
glomerular hemodynamic disorders, acute-to-chronic
kidney disease transition, and other chronic conditions
afflicting the renal system. This article summarizes the
recent and ongoing research that has characterized SOCE

Experimental Biology and Medicine 2021; 246: 305-316

Copyright © 2020 by the Society for Experimental Biology and Medicine


https://orcid.org/0000-0002-2590-6365
https://orcid.org/0000-0001-7388-9419
mailto:Sarika.Chaudhari@unthsc.edu

306 Experimental Biology and Medicine Volume 246 February 2021

and delineated its pivotal contributions to renal function
and disease.

In 1986, Putney proposed the novel phenomenon of
capacitative Ca®" entry, wherein the reduction of intracel-
lular Ca®" stores activates Ca®" influx through plasma
membrane Ca?* channels.! Three decades later, the molec-
ular mediators and mechanisms regulating this phenome-
non are the focus of intense research effort. Activation of
phospholipase C coupled receptors provokes hydrolysis of
phosphatidylinositol 4,5-bisphosphate, generating inositol
1,4,5-trisphosphate (IP;) and diacylglycerol. Acting on its
receptors in the sarco/endoplasmic reticulum (SR/ER), IP;
releases Ca®" from these intracellular stores. Depletion of
these Ca”" stores triggers opening of plasma membrane
Ca”" channels allowing Ca®" influx from the extracellular
compartment. Because of its dependence on Ca”*" store
depletion, this Ca®" influx was termed SOCE, and the
plasma membrane channels mediating this Ca”>" entry
were dubbed SOCC. Subsequent studies demonstrated
SOCE to be a pivotal Ca*" entry mechanism for several
non-excitable and excitable cell types.

Proposed SOCE mechanisms include diffusible messen-
gers” vesicle fusion/exocytosis,” and direct coupling
between ER-IP; receptor channels and plasma membrane
Ca®" channels* including those of the Transient Receptor
Potential Canonical (TRPC) channel family. However, only
within the last 15years have gene array and RNA interfer-
ence technology enabled identification of stromal interaction
molecule 1 (STIM1) as the ER Ca”" sensor that signals plasma
membrane Orail Ca®" channels to execute SOCE.””
Various TRPC channels are also known to be activated by
ER-STIM1, whereupon they form complexes with Orai sub-
units to regulate SOCE.® Although the subunit composition
of SOCC has been debated, it is now widely accepted that
homo- or hetero-multimeric Orai subunits form highly
Ca**-selective SOCC, while Orai subunits which interact
with TRPC channels form the nonselective SOCC.7*
TRPC channels are characterized by their relatively low
selectivity for Ca®*, while the Ca®" release-activated Ca*"
channel, the classical SOCC, has a high Ca’* selec’civi’fy.11
TRPC channels can also independently act as receptor-
operated calcium channels (ROCC) which are activated
by various agonists stimulating diverse G-protein-coupled
receptors, and subsequent increase in diacylglycerol and
decrease in phosphatidylinositol 4,5-bisphosphate. ROCC
activation is independent of SR/ER Ca”" store depletion.

The renal architecture organizes multiple cell types, each
serving unique functions, into functional units that effect
electrolyte homeostasis, extracellular fluid volume and
blood pressure regulation, and excretion of waste materials.
SOCE plays an essential role in a wide variety of physio-
logical functions including exocytosis, enzymatic activity,
gene transcription, cell proliferation, and apoptosis.’* In
this review, we focus on recent studies demonstrating
SOCE in different renal cell types, identifying the contrib-
uting channels, defining SOCE’s physiological relevance
and pathways involved, and assessing the pathological
potential of altered SOCE.

SOCE in the renal corpuscle
SOCE in glomerular MCs

Renal corpuscles harbor several cell types including MCs,
podocytes, fenestrated capillary endothelium, interstitial
fibroblasts, and squamous parietal epithelium. MCs, podo-
cytes, and capillary endothelial cells act in an integrated
manner to effect robust regulation of glomerular filtra-
tion.">® MCs are readily isolated and maintained in cell
culture,'” permitting study of their many crucial functions.
MCs provide structural support for the glomerular capillary
loops, generate the mesangial extracellular matrix, control
matrix turnover by regulating matrix metalloproteinase-
catalyzed degradation, and clear debris by phagocytosis. In
a reciprocal fashion, the matrix components influence MC
growth and proliferation as well as matrix-cell signaling to
optimize glomerular function."® ECM secreted by MCs can
bind and store growth factors. Moreover, MCs secrete
numerous growth factors, vasoactive agents, cytokines,
and matrix metalloproteinases. MC hypertrophy and prolif-
eration provoke excessive mesangial matrix accumulation in
chronic kidney diseases with fibrosis including diabetic
nephropathy.'” The matrix components are tightly con-
trolled in the normal physiological environment, while
many acute and chronic renal diseases are associated with
altered protein abundance or abnormal release from the
matrix scaffold.”* MCs exert another important function:
their contractile properties enable fine tuning of glomerular
capillary flow and the surface area available for glomerular
filtration. However, the technical challenges of accessing
these cells limit the study of their contractile function in
vivo. MCs also serve as sources and targets of growth factors
and various cytokines.

Because MC activity is essential for glomerular health, and
Ca”" signaling modulates the function of these cells, the role
of SOCE in MC has attracted considerable research attention.
In 1994, Mene et al. reported the first evidence of SOCE in
human MCs. Using Fura2 fluorescence to monitor [Ca*'],
they demonstrated that Ca”" store depletion with angioten-
sin 11, thapsigargin (TG), or ionomycin increased Ca*" influx
upon addition of Ca*" to the initially Ca®" free medium, in a
manner independent of plasma membrane depolarization.”"
Subsequent studies reinforced and extended these find-
ings.”>*® Using patch clamp technique, Ma ef al. demonstrat-
ed that the single channel currents in human MCs had the
same properties as SOCC currents."! When pre-incubated
with Ca®* chelator BAPTA and treated with TG, these cells
showed a non-voltage activated, inwardly rectifying current
that was remarkably selective for Ca®" and could be blocked
by low concentrations of La®*, a SOCC blocker.??

The direct evidence of SOCC in MCs raised the question,
if and how SOCE affects physiological signaling in these
cells. Initial studies revealed that vasoactive factors like
angiotensin II and thromboxane-A, activate SOCE through
G protein-coupled receptors via the classical phospholipase
C/diacylglycerol/IP; pathway in many cells, including MCs
(Figure 1(a)).”! Additionally, receptor tyrosine kinases, the
high-affinity cell surface receptors for many polypeptide
growth factors, cytokines, and hormones, also stimulated
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Figure 1. Mediators and modulators of store-operated Ca®>" entry in glomerular mesangial cells. Panel (a): Endoplasmic reticular (ER) Ca®* depletion activates store-
operated Ca®" entry (SOCE) via STIM1. Activation of G-protein coupled receptors (GPCR) or receptor tyrosine kinases activates phospholipase C (PLC), which
hydrolyzes phosphatidylinositol bisphosphate (PIP,), generating inositol trisphosphate (IP3). Interaction of IP5 with its ER receptor provokes Ca’* release, depleting the
ER Ca®" store. ER Ca®" depletion causes conformational changes in STIM1 that activate Orai1:Orai1 homodimeric and/or Orai1: transient receptor potential canonical
(TRPC) heterodimeric store-operated Ca®* channels in the plasma membrane and, thus, SOCE. Panel (b): Factors modulating SOCE via TRPC channels. STIM1-
activated TRPC1- and TRPC4-mediated Ca?* entry are suppressed, respectively, by micro RNA 135a (miR135a) and the nitric oxide (NO)—cyclic GMP (cGMP)—
protein kinase G (PKG)—vasodilator-stimulated phosphoprotein (VASP) cascade. TRPC1-mediated SOCE inhibits extracellular matrix (ECM) synthesis, while available
evidence suggests urotensin Il-induced TRPC4-mediated SOCE activates ECM synthesis. TRPC:Orai1 heterodimers are shown, but the association of TRPC and
Orail has not been established unequivocally; thus, SOCE may proceed via TRPC1 or TRPC4 alone. Transforming growth factor 1 (TGF 1) and high extracellular
glucose concentrations suppress TRPC1-mediated SOCE by activating miR135a expression, while urotensin Il and high glucose activate TRPC4-mediated SOCE.
Panel (c): Factors modulating SOCE via Orai1 homodimers, and SOCE-inhibited ECM synthesis. Orai1-mediated SOCE is activated by STIM1, protein kinase C (PKC)
o, and glucagon-like peptide-1 receptor (GLP-1R), and inhibited by PKC f;. SOCE suppresses ECM synthesis directly, and indirectly by (1) activating release of
interleukin-6 (IL6) which, upon binding its receptor (IL6-R), activates GLP-1R, and (2) inhibiting TGF 1-receptor (TGF$1R) activation of smad 1 and 3 phosphorylation.

SOCC-mediated Ca®" entry in MCs. Interestingly, agonists
like epidermal growth factor acting through the tyrosine
kinase receptors failed to trigger detectable SR/ER Ca*"
release and seemed to activate the SOCE in an IPs-indepen-
dent manner with phospholipase C as the crucial element.**
Unlike G protein-coupled receptors, tyrosine kinase recep-
tors control a diverse array of downstream cellular path-
ways, affording complex regulation of SOCE.

Because protein kinase C (PKC) is activated by the phos-
pholipase C/diacylglycerol pathway, it too might activate
SOCC. Indeed, PKC differentially controls SOCE in diverse
cells. In our study, Calphostin C, a specific PKC inhibitor,
diminished TG-activated SOCE in cultured human MCs.
Furthermore, PKC activation or introduction of PKC catalytic
subunits prevented SOCE rundown in inside-out patches.
This PKC-mediated SOCE activation was attributed to the
PKCox isoform.?® However, other studies contradicted these
findings. Mene et al.*® demonstrated that PKC inhibited the

SOCE induced by angiotensin II. The finding that STIM1’s
interaction with Orail mediates SOCE has prompted
research focused on these two proteins. Kawasaki ef al.
used RNA interference, transfection with green fluorescent
protein-tagged PKC isoforms and Flag-tagged wild type or
mutant Orail to demonstrate that phosphorylation of Orail’s
Ser-27 and Ser-30 residues by the PKCf1 isoform was
responsible for SOCE suppression in HEK293 cells.”” The
apparent discrepancies among these studies might be due
to differences in the SOCC machinery among cell types, the
activating stimuli, or activation of different PKC subtypes.

TRPC channels in MCs

TRPC channels, those most closely related to the transient
receptor potential superfamily of Drosophila, exist
throughout the kidneys and are likely SOCC candidates.
Species variations are reported in the renal distribution of
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Figure 2. Increased glomerular ECM protein content in mice after in vivo knockdown of Orai1 in MCs using targeted nanoparticle (NP) delivery system with Cy3 tagged
siOrai1. Panels (a), (b): Immunoblot analysis of renal cortex extracts showing fibronectin (FN) content in the cortex of kidney from the mice treated with control NP (NP-
Con) and NP-Cy3-siOrail (knockdown of Orai1). Tubulin-o (TB) is a loading control. Panel (a): representative immunoblot; panel (b): summary data. *P < 0.05 vs. NP-
Con. Panels (c) and (d): immunohistochemistry showing abundance of (c) FN and (d) collagen IV (Col IV) in glomeruli of the mice treated with NP-Con and NP-Cys-
siOrai1. Both FN and Col IV are stained green. In NP-Con, a bright-field image was captured to show the glomerulus. In NP-Cy3-siOrai1, the distribution of NP-Cy3-
siOrai1 is indicated by Cy3 signals (red). Arrows indicate glomeruli. Original magnification x200. (Adapted from Wu et al.*").

TRPC isoforms. Out of seven known isoforms, TRPC1 and
TRPC4-o are found in mouse MCs, where TRPC4-o func-
tions as SOCC.%® On the other hand, cultured human MCs
express TRPC1, 3, 4, and 6, and TRPC1 interacts with
TRPC4 and TRPC6.*’ Only TRPC1 is reported in rat MC
cultures.®® However, the mere presence of TRPC does not
prove it operates as SOCC or regulates SOCE. In cultured
human MCs, the TRPC1/TRPC4 complex may interact
with STIM1 to regulate SOCE as demonstrated by the inhi-
bition of TG-induced membrane currents after knockdown
of STIM1 or either TRPC1 or TRPC4.*! Interestingly, the
gene expression approach revealed that Orail was essential
for functional activation of SOCE by the TRPC1-STIM1
interaction in HEK293 cells.??® On the other hand, protein
kinase G-mediated phosphorylation of vasodilator-
stimulated phosphoprotein (VASP), a focal adhesion mole-
cule highly expressed in MCs, causes VASP to associate
with TRPC4 to inhibit the associated SOCE (Figure 1
(b)).>* Although the precise mechanism of this inhibition
is not clear, phosphorylated VASP is hypothesized to inhib-
it SOCE by dissociating TRPC4 from the SOCC complex.

Orai1 and STIM1 in MCs

Discovered in 2005 and 2006, respectively, Orail and STIM1
are the central elements of SOCE-mediated signaling.

Researchers have manipulated these proteins with molec-
ular tools to elucidate the role of SOCC in different organ
systems. Although diverse roles of SOCE were observed in
different cell types like lymphocytes, T cells, vascular
smooth muscle cells, and cardiomyocytes, the physiological
and pathophysiological significance of SOCE in kidneys
initially was obscure. The abundance of Orail was reported
in rat® and human®® MCs several years after Orai channels
were discovered.

Over the last decade, our laboratory has worked exten-
sively to unveil the role of SOCC in MCs. In cultured
human MCs, our studies of SOCC regulation of ECM pro-
teins like fibronectin and collagen IV demonstrated that
TG-induced SOCE suppresses ECM protein synthesis and
deposition (Figure 1(c)). STIM1 overexpression reduced,
and Orail knockdown increased, ECM protein formation.®”
These findings, which were confirmed by other investiga-
tors,*® are discussed further in the next paragraph. The
absence of specific MC markers prevents selective manip-
ulation of gene expression in MCs. After a novel targeted
nanoparticle delivery system was used to knockdown the
Orail channel protein specifically in mouse MCs, the con-
tents of glomerular fibronectin and collagen IV increased
(Figure 2)*” causing significant mesangial expansion and a
fibrotic glomerular phenotype. The principal limitation of
this technique is that the nanoparticles are too small to



accommodate the target protein’s overexpression plasmid.
Hence, the nanoparticles cannot be used to evaluate the
possible protective effects of increased SOCE in renal dis-
eases associated with increased ECM deposition.
Nevertheless, these studies show SOCE downregulates
MC synthesis of ECM proteins. Under physiological con-
ditions, SOCE in MCs could conceivably be activated to
maintain the balance of ECM protein synthesis and
degradation.

Pathophysiological role of SOCC in MCs

SOCE impairment has been implicated in numerous disor-
ders such as immunodeficiency, myopathy, vascular dis-
eases, and many types of cancer’™*' Aging related
disorders like Alzheimer’s disease present with STIM1/
STIM2 downregulation and reduced neuronal SOCE.
Dysfunction of SOCE-mediated Ca”" signaling resulted in
dendritic spine deformity in a mouse model of the PS1-
M146V mutation of familial Alzheimer disease.****
However, another study in mice reported that TRPCé6-
associated SOCE was increased by the PSEN1AE9 muta-
tion, found in familial Alzheimer disease in the Finnish
population.** In aged rats, STIM1 and Orail contents
were attenuated with reduced SOCE in MCs. The
decreased MC proliferation in aged rats was attributed to
reduced STIM1-Orail interaction and SOCE in the Ca*"
depleted MCs.*

Imbalances in matrix protein synthesis and degradation
leading to fibrotic protein accumulation in the glomerular
mesangium initiate the pathogenesis of renal fibrosis in
chronic kidney disease.”” Numerous extracellular stimuli
including the vasoactive peptides endothelin-1, angioten-
sin II, and urotensin II can stimulate pro-fibrotic signaling
in MCs. Diabetic nephropathy is the leading cause of chron-
ic kidney disease involving ECM protein accumulation.
High extracellular glucose (HG) impacts Ca®" signaling in
various cells, including MCs. Mene et al. demonstrated
inhibition of resting and vasopressin-induced SOCE in iso-
lated rat MCs exposed to 30mM glucose for five days,
modeling the hyperglycemic diabetic milieu. Reversal of
SOCE inhibition by a PKC activator, phorbol myristate ace-
tate, implicated PKC inactivation in HG suppression of
SOCE.* Nutt et al. reported that exposure of cultured rat
MCs to 30mM glucose for up to sevendays depressed
endothelin-induced  receptor-operated ~ Ca®"  influx,
although SOCE was unimpaired.”® While 8-24 h exposure
to 25mM glucose decreased Orail content in rat and
human MCs,*® we found that prolonged (7 days) HG expo-
sure enhanced TG-induced SOCE in cultured human MCs
and in parallel increased abundance of STIM1 and Orail
proteins.*® This HG-induced SOCE was inhibited by GSK-
7975A, a specific blocker of SOCC, and by knockdown of
Orail expression. Whole-cell patch-clamp experiments
showed that chronic HG markedly augmented store-
operated Ca®" currents. Interestingly, chronic HG attenuat-
ed angiotensin Il-induced receptor-operated Ca”" entry,
measured after depletion of intracellular Ca®" stores, and
re-addition of Ca>" to induce SOCE. Concordantly, diabetic
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rats showed increased STIM1 and Orail contents in the
renal cortices and glomeruli.

Divergent findings in the above-described studies might
be ascribable to different SOCE measurement methods
and/or species differences. For example, Mene et al.*
assessed agonist-induced SOCE as the Ca®" influx after
addition of Ca*" to nominally Ca*"-free media. However,
this Ca®" entry could be mediated by both ROCC and
SOCC. Nutt et al.”® measured Ca®" influx in cultured rat
MCs treated with endothelin-1 or TG in the presence of
1mM Ca®* or Ca®" free solution. While our findings are
concordant with the reports of increased Orail content in
diabetic rat renal cortex, the role of this enhanced SOCE in
MCs remains enigmatic.

Our lab further examined the role of SOCC in human
MCs. Inhibition of SOCC with 2-aminoethyl diphenylbori-
nate augmented angiotensin II-induced fibronectin content,
whereas SOCC activation with TG abrogated HG- and
transforming growth factor 1 (TGF-p1)-stimulated fibro-
nectin and collagen IV matrix accumulation.’” The inhibi-
tion of collagen IV and fibronectin abundance by SOCE is
mediated through suppression of pro-fibrotic smadl and
smad3 phosphor-activation (Figure 1(c)). Accordingly, TG
treatment of human MCs attenuated angiotensin II-, HG-,
and TGF-f1l-induced smadl phosphorylation as well as
TGF-f1-induced smad3 phosphorylation. Also, targeted
downregulation of SOCE in MCs in mice, using the nano-
particle incorporated small-interfering RNA (siRNA)
against Orail, increased the contents of both smadl and
smad3 in the glomeruli.47’48 However, the mechanism
whereby SOCE inhibits smadl or smad3 phosphorylation
(Figure 1(c)) is not yet clear. SOCE may inhibit the kinase
activity of a Type-II TGF-f1 receptor dimer that phosphor-
ylates the Type-I dimer, or either activate a Ca>"-dependent
phosphatase or inhibit a protein kinase that phosphorylates
smad1/3.

Another interesting study demonstrated that liraglutide,
an agonist of the G protein-coupled glucagon-like peptide-
1 receptor (GLP-1R), inhibits HG-induced ECM production
by MCs through activation of SOCC* and Wnt/ f-catenin
signaling pathways.”® Of note, GLP-1R’s natural ligand
glucagon-like peptide-1 is used clinically to promote insu-
lin secretion to treat type 2 diabetes. The Wnt/ f-catenin
pathway is downregulated in diabetic kidneys, and liraglu-
tide is renoprotective in diabetic nephropathy.”">?
Crosstalk between the SOCE and Wnt/ f-catenin pathways
in MCs is not known. Micro-RNAs like miR-29a promoted
Wnt/ -catenin signaling in MCs.”> An important question
is whether SOCE activates miR-29a to augment the Wnt/
p-catenin signaling machinery to downregulate ECM
proteins.

Upregulation of GLP-1IR in MCs may constitute another
mechanism, whereby SOCE inhibits ECM protein deposi-
tion. Recently we demonstrated that TG-induced SOCE
increased the content of the cytokine interleukin-6 in
human MCs.>* Interleukin-6 is a pleiotropic cytokine that
can be pro- or anti-inflammatory depending on the specific
pathological stimulus, the cells affected, the molecular sig-
naling pathways activated, and/or its interactions with
other cytokines and immune factors. We found that SOCE
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favors interleukin-6 production in human MCs in which
overexpression of interleukin-6 with its receptor partially
increased GLP-1R abundance and also attenuated fibronec-
tin and collagen IV production (Figure 1(c)).>* Collectively,
these studies established that the accentuated SOCC and
SOCE in MCs chronically exposed to HG is very likely a
defense mechanism to nullify the effects of angiotensin II,
advanced glycation end products, and other pro-fibrotic
factors that might predominate in the diabetic kidneys.

In MCs, TRPC1 and TRPC4 can mediate SOCE,**"'
while nitric oxide inhibited TRPC4-associated SOCE via
the protein kinase G/VASP pathway (Figure 1(b)).>* The
downstream mechanism of SOCE inhibition by VASP
would be particularly interesting since nitric oxide and its
metabolites are well-known mediators of inflammatory
renal diseases® and endothelial cell preservation and
regeneration attenuated nephrotoxic nephritis in VASP-
null mice.*

Like Orail-mediated SOCE,>” the TRPCl-mediated
SOCE also inhibited HG induction of ECM proteins in
human MCs.”” The micro RNA miR-135a was markedly
upregulated in renal tissue from diabetic db/db mice and
patients with diabetic nephropathy, and in human MCs and
proximal tubular epithelial cell exposed to HG and TGEFp.
miR-135a attenuated SOCE in human MCs by reducing
TRPC1 abundance and, consequently, augmented fibronec-
tin and collagen I synthesis (Figure 1(b)).”” However, uro-
tensin II activation of TRPC4-mediated SOCE (Figure 1(b))
promoted MC proliferation and ECM protein accumulation
in mouse MCs exposed to HG.?® These variances in the
TRPC4-mediated SOCE in MCs might be due to Ca*"
influx through other channels like ROCCs, because selec-
tive TRPC4 channel inhibition could not completely abolish
the Ca®" influx upon re-addition of Ca*", and an L type
Ca”" channel blocker, nimodipine, did not prevent Ca*"
influx through the ROCCs. Figure 1 summarizes the signal-
ing mechanisms upstream and downstream of SOCC
which may modulate ECM protein synthesis in MCs, and
the points where HG and other factors impact these
mechanisms.

SOCE in podocytes

Podocytes, the highly specialized visceral epithelial cells of
the renal corpuscle that surround the glomerular capillar-
ies, partner with the capillary endothelium to generate and
maintain the glomerular basement membrane. Collectively,
the capillary endothelium, basement membrane, and podo-
cyte epithelium comprise the interface that effects glomer-
ular filtration. The diaphragms spanning the narrow slits
between the interdigitating podocyte pedicels comprise a
selective barrier imposing steric hindrance on filtration of
protein-size molecules. Various TRPC channels are found
in the podocytes with some variations among species. Rat
podocytes express TRPC3 and TRPC6,*® while mRNAs for
TRPC1, 2, 5, and 6 are expressed in cultured murine podo-
cytes.” The most significant and widely studied are the
TRPC6 channels present across the podocyte cell body, pro-
cesses, and pedicles,” which are associated with many glo-
merular  disorders  including  focal = segmental

glomerulonephritis and diabetic nephropathy. Although
the role of podocyte TRPC6 in SOCE is unclear, podocytes
demonstrated TG-inducible SOCE which was unaltered by
HG. Moreover, TRPC6 knockdown had no effect on SOCE
but diminished receptor-operated Ca®" influx.®” It is not yet
known if other TRPC channels are associated with podo-
cyte SOCC complexes. Readers are referred to a recent
review on the role of podocyte TRPC channels in chronic
kidney disease.’’ Another recent study demonstrated STIM
in podocytes and showed that STIM overexpression is asso-
ciated with increased epithelial-mesenchymal transition of
podocytes in diabetic nephropathy.®> Further evidence of
STIM and Orai channels in podocytes might open up new
avenues of research since epithelial-mesenchymal transi-
tion mobilizes many signaling pathways associated with
renal fibrosis.*®

SOCE in renal tubular cells

Orail and STIM1 in renal tubular cells

The divergent impacts of SOCC in different cell types
exemplify the remarkable diversity of cell types in kidney.
In sharp contrast to MCs, Mai ef al. demonstrated that Orail
knockdown prevented TGF-f1- or angiotensin II-induction
of fibrotic proteins in cultured human proximal tubular
epithelial (HK2) cells, renal peritubular interstitium of
mice subjected to unilateral ureteric obstruction, and
ApoE™/~ mice consuming a high-fat diet.*® Kidney biopsies
from human patients with fibrotic nephropathies, e.g. focal
proliferative sclerosis and tubule-interstitial nephritis
showed increased Orail staining in proximal tubular epi-
thelial cells, while ApoE™~ mice consuming a high-fat diet
had increased Orail content in the renal cortex. In addition,
studies in HK2 cells showed that Orail knockdown pre-
vented TGF-f1 driven epithelial-mesenchymal transition,
and implicated suppression of smad2/3 phosphorylation
as the possible mechanism for this effect. Those studies
also established that Orail knockdown increases ECM pro-
teins in human MCs, as our study demonstrated,” confirm-
ing the cell specificity of SOCE'’s effects. Some differences in
experimental design and mouse models in Mai et al.’s study
vs. ours should be noted. While we used the targeted nano-
particle delivery to suppress Orail expression specifically
in MCs of C57BL6 mice, Mai ef al. used systemic knock-
down of Orail, hence the findings in vivo might not be
attributed specifically to changes in the proximal tubules.
Also, smad2 and smad3 may have diametrically opposite
downstream effects, as smad3 is profibrotic and smad2
antifibrotic.*#*> Whether the decrease in phosphorylated
smad2/3 in this study represented decreased phosphory-
lation of one or both isoforms was not clear. Another
possibility is that the effects of SOCE are cell type- or
context-specific. Recently we demonstrated that SOCE
behaves differently in human MCs and proximal tubular
epithelial cells where the two cell types showed opposite
responses to overexpression of a fusion protein of
interleukin-6 and its receptor.”*

Reabsorption of albumin by the proximal tubular cells, a
crucial mechanism to preserve plasma colloid osmolality, is



impaired in chronic kidney diseases like diabetic nephrop-
athy.?® Orai channels play a major role in this receptor-
mediated albumin endocytosis, in which apical membrane
Orail/STIM1 complexes colocalize with clathrin to medi-
ate the endocytosis.”” Kidney sections of diabetic nephrop-
athy patients demonstrated downregulation of Orai 1-3,
while treatment of human proximal tubular epithelial
cells with 25 mM HG blunted Orai protein content. STIM-
Orai3-mediated SOCE also contributed to the pathogenesis
of crystal nephropathy. When insoluble crystals in the tubu-
lar fluid, which are normally excreted in urine, accumulate
in the tubular lumen, they may promote acute or chronic
kidney injury. Some crystals, particularly those containing
Ca’" salts, adhere to the tubular wall and are taken up by
the epithelial cells where they may initiate cellular injury.
Uptake of Ca”" salt crystals into proximal tubule-derived
HK?2 cells elicited a sustained increase in intracellular Ca*"
via STIM-Orai3, provoking an ER stress response,
oxyradical-induced cell damage, and apoptosis.®®
Suppressing SOCC gene expression reversed these
changes.

The pathogenesis of autosomal dominant polycystic
kidney disease (ADPKD) involves loss of function muta-
tions in the PKD1 or PKD2 genes encoding polycystin-1
and -2, respectively, which disrupt Ca®" homeostasis and
provoke cyclic AMP-dependent cyst formation in renal
tubular cells. P100, a cleavage product of polycystin-1, sup-
presses SOCE by inhibiting STIM1 translocation to the
plasma membrane after ER Ca>" depletion,®” and may be
a protective mechanism against cell proliferation by reduc-
ing the plasma membrane STIM1 and subsequent SOCE.
Increased abundance of STIM1 and IP; receptor in
polycystin-1-null proximal tubular cells and polycystin-1
knockout mice modeling ADPKD leads to SOCE-related
Ca”" dysregulation. Knockdown of STIM1 reduced cyclic
AMP and ER Ca*" release, and suppressed cyst formation
and growth.”® A prototypical member of a TRP protein sub-
family, polycystin-2 can function independently as a non-
selective cation channel. It can also modulate cellular Ca*"
responses by regulating other molecules or channels par-
ticipating in intracellular Ca®* homeostasis like IP; recep-
tors, STIM1, TRPC1, TRPV4.”"”> Mutation of polycystin-2
provokes imbalances of Ca*" and cyclic AMP, in turn pro-
ducing a proliferative, secretory proximal tubular epithelial
phenotype.”

Dysfunctional SOCE may contribute to impairments in
water reabsorption in collecting ducts characterizing neph-
rogenic diabetes insipidus. In spontaneously hypertensive
SHR-A3 rats in which SOCE is disrupted by a STIM1 muta-
tion, collecting duct epithelium lacked the vasopressin-
induced sustained elevation of intracellular Ca®" necessary
for aquaporin AQP2 expression and translocation to the
apical membrane to effect water reabsorption.”> Stim1"/"
Ksp-cre mice with specific knockout of STIM1 in the epi-
thelial cells of collecting ducts and thick ascending limbs of
Henle’s loop and fed a high protein (40%) diet demonstrat-
ed increased Ca*" excretion and impaired urinary concen-
trating ability vs. wild type mice. STIM 1 may modulate
vasopressin signaling by regulating Ca”"-dependent
adenylyl cyclase activity and cyclic AMP formation in
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collecting duct epithelium, or by altering vasopressin
receptor abundance or AQP2 translocation to the apical
membrane.”® These studies indicate a pivotal role of
SOCE in water homeostasis, and delineating the mecha-
nisms mobilized by SOCE could identify potential thera-
peutic targets for nephrogenic diabetes insipidus.

TRPC channels in renal tubular cells

TRPC channels are selectively and differentially positioned
along the renal tubules® implying they play physiological
and pathophysiological roles in phospholipase C-depen-
dent renal cellular responses. TRPC1 channel protein is
expressed in the apical membrane of proximal tubular epi-
thelial cells where it co-localizes with aquaporin channel
AQP1, while TRPC3 and TRPC6 in collecting duct principal
cells co-localize with vasopressin-activated AQP2. TRPC3
resides in the apical membrane both in vivo and in cultured
cells, whereas TRPC6 exists in both the apical and basolat-
eral membranes of principal cells. The role of TRPC chan-
nels in the regulation of SOCE in the tubular cells in
different segments of nephron is unclear at present.
Interestingly, although Orail knockdown attenuated TGF-
p- or angiotensin Il-induced fibronectin and collagen IV
expression in HK2 cells,*® HG- or TGEF-f-induced miR-
135a attenuated SOCE in HK2 cells by reducing TRPC1
expression and subsequently augmenting fibronectin and
collagen 1 synthesis.”” TRPCl-associated SOCC complexes
could possibly activate downstream pathways distinct
from Orai-mediated SOCE.

SOCE in renal microvasculature

In addition to the well-known voltage-operated Ca®" chan-
nel (VOCC), vascular smooth muscle cells (VSMC) rely on
SOCC and ROCC for their Ca®" signaling. Studies in pul-
monary artery, aorta, and portal vein identified a crucial
role for SOCE in determining the basal tone of the
VSMCs and their contractile responses to agonists.
Although this section focuses on studies conducted in
renal vasculature, research in other vascular beds has iden-
tified molecular mediators of Ca®" signaling that also may
operate in the renal vasculature. Regarding the complex
role of SOCE in different types of muscle cells, the reader
is referred to a recent review and the original literature
cited therein.** TRPC channels contribute to signaling path-
ways initiated by G protein coupled receptors that modify
vasomotion and cellular proliferation. However, the TRPC
subunits of SOCC may vary in different blood vessels, so
caution is warranted when extrapolating studies in specific
vasculature to other vascular beds and organs.

In the renal microvasculature SOCE have been identified
by several research groups.””””® The renal microcirculation,
which comprises two arterioles and two capillary beds in
series, is unique in its anatomic and physiological charac-
teristics. In the cortex, the hemodynamics of the afferent
and efferent arterioles govern glomerular filtration. The
efferent arterioles give rise to the peritubular capillary
plexus, which, due to its proximity to the cortical tubular
segments, returns to the systemic circulation the enormous
amounts of filtered water and solutes reabsorbed by the
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tubular epithelium. The vascular resistances of the afferent
and efferent arterioles exert powerful regulation of renal
vascular resistance, glomerular filtration, and peritubular
capillary blood flow. The first hint of divergent Ca*" sig-
naling mechanisms in the afferent and efferent arterioles
was the finding that membrane depolarization-induced
Ca”" entry was abolished by the Ca®" channel antagonist
nifedipine in the afferent but not efferent arterioles.””
Confirming this heterogeneity, Nagahama et al. demon-
strated in perfused hydronephrotic rat kidneys that angio-
tensin Il-induced constriction of efferent arterioles was
abrogated by a PKC inhibitor yet was refractory to VOCC
inhibition, while constriction of afferent arterioles was
eliminated by a VOCC inhibitor but only partially attenu-
ated by a PKC inhibitor.”® Further experiments confirmed
the dominance of the VOCC in the afferent and SOCE in the
efferent arterioles. Angiotensin Il-induced Ca*" influx was
suppressed by nifedipine in isolated afferent but not effer-
ent arterioles, while depolarization-induced Ca®" influx
was only detected in afferent arterioles. The sarcoplasmic
reticular Ca>* ATPase inhibitor cyclopiazonic acid induced
a sustained Ca”" influx in efferent arteriolar VSMCs that
was unaltered by nifedipine.*’

In contrast, studies by Fellener and Arendshorst” in
VSMC freshly isolated from rat preglomerular vessels con-
tradicted the apparent distinctions between the afferent
and efferent arteriolar VSMCs. In these studies, the deple-
tion of internal Ca®" stores with cyclopiazonic acid or TG
increased appreciably the Ca”>" entry in the presence of
VOCC blockers. Nifedipine or verapamil only partially
attenuated the vasopressin-induced rise in intracellular
Ca®" concentration. Their finding of SOCC in the afferent
arterioles gained pathological significance when Fellener
and Arendshorst reported that SOCE elicited by the
vasopressin-1 receptor agonist, [Phe?, Tle®, Orn®]-vasopres-
sin, was exaggerated in preglomerular VSMC from young
salt-sensitive hypertensive rats, while VOCC was not
affected &' Concordantly, Fallet ef al. attributed the VSMC
contractile response to vasopressin to Ca”" release from
intracellular stores in both afferent and, more substantially,
efferent arterioles. Furthermore, only in afferent arterioles
do VOCC mediate vasopressin-induced vasoconstriction.®?
SOCE also was identified by fura-2 ratiometric fluorescence
in interlobular arteries, where cyclopiazonic acid- and TG-
induced Ca”" store depletion activated robust Ca** influx.
These responses were dose-dependently suppressed by
SOCC antagonists Gd*>" and 2-aminoethyl diphenylbori-
nate.*® Guan et al. reported that sphingosine-1-phosphate,
a bioactive sphingolipid metabolite and signaling mole-
cule, elicited segment-specific vasoconstriction of renal
arcuate and interlobular arteries and afferent arterioles,
yet without affecting the efferent arterioles.®
Sphingosine-1-phosphate’s effect on the afferent arterioles
was specifically mediated by the VOCC-dependent rho/
rho kinase pathway.*’

The divergent findings from those studies might repre-
sent variations among the segments of the preglomerular
vasculature, the diameter of the vessels, variability of cell
types or receptor distribution within different arteriolar
segments in the same bed, different protocols and buffers

for isolating the microvessels, and/or use of different vaso-
constrictors. Nevertheless, many vasoactive compounds
have been shown to confer distinct actions on afferent vs.
efferent arterioles attributable to differences in Ca®" chan-
nel mechanisms.

Members of the TRPC channel family have been found
to mediate receptor-operated Ca®" entry and SOCE in var-
ious cell types, including vascular endothelial and smooth
muscle cells.®® Both aorta and renal preglomerular resis-
tance vessels expressed mRNA for TRPC1, 3, 4, 5, and 6,
while TRPC2 and TRPC7 transcripts were not detected.
TRPC3, TRPC1, and TRPC6 protein contents are greater
in preglomerular resistance vessels than in aorta.”” TRPC4
channels are also found in the descending vasa recta within
the renal medulla.® The possibility that TRPC channels
function as SOCC in vascular smooth muscle and other
tissues continues to inspire debate. Recently, using a sys-
tematic approach with patch clamp recording, GFP-PLC1-
PH imaging, protein co-localization analysis, and RNA
interference, Shi et al. confirmed in VSMCs that TRPC1
interacted with STIM1 after Ca®" store depletion and acti-
vated Ca®" channels via the G protein q subunit/phos-
pholipase C-p,/PKC pathway.*> TRPC3 and TRPC6 are
not generally known to participate in SOCE. The associa-
tions of STIM, Orai, and other TRPC channels, and their
role as SOCC, merit evaluation in the renal vasculature.
Also, as SOCE is robust in vascular endothelial cells and
its Ca®" influx can increase endothelium-dependent myo-
genic tone, the influence of endothelial SOCE in studies
with endothelium-intact vessels cannot be excluded.

SOCE in intrarenal immune cells

SOCE is a crucial Ca®" entry pathway in diverse immune
cells like lymphocytes, macrophages, dendritic cells®***
and mutation of Orail elicits a severely immunodeficient
state.” Activation of immune cells may be beneficial or det-
rimental depending on the degree of activation, immune
cell types contributing their specific cytokines to the
response, and the nature and severity of tissue injury.”
Recently, T lymphocyte activation was shown to contribute
to the transition from acute kidney injury to chronic kidney
disease.” In rats, accumulation of CD4"/IL-17"/Orail"
cells (Th17 cells) secreting IL-17 was observed within the
first threedays after renal ischemia-reperfusion, and
resolved over seven days. Treatment of these acute kidney
injury-primed CD4" cells with Angiotensin II or elevated
Na™ increased the percentage of cells expressing IL-17 and
their abundance of IL-17 mRNA. SOCE pathway inhibitors
completely blocked this increase in IL-17. Subsequent insult
with high salt diet in rats recovered from renal ischemia/
reperfusion intensified chronic kidney disease including
increased renal interstitial fibrosis, urinary albumin excre-
tion, and kidney injury molecule-1 (KIM-1) abundance.
These changes were abolished when the rats were treated
with inhibitors of SOCE pathway YM58483/BPT2.”> SHR-
A3 rats with truncated STIM1 demonstrated increased glo-
merular and interstitial fibrosis, albuminuria, urinary renal
injury markers, e.g. neutrophil gelatinase-associated lipo-
calin (NGAL), osteopontin (OPN), and KIM-1, and also
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Figure 3. Tubular and microvascular locations of dysfunctional SOCE in renal diseases. The boxes represent different locations within the nephron and renal
microvasculature. Blue text identifies the clinical pathologies related to SOCE in each location, and black text lists possible effects of SOCE in the different renal cell
types. TRPC: transient receptor potential canonical; ECM: extracellular matrix; SOCE: store-operated Ca* entry; STIM: stromal interaction molecule; EMT: epithelial-
mesenchymal transition; cAMP: cyclic AMP; ER: endoplasmic reticulum; AQP: aquaporin.

extensive T cell and B cell infiltration in kidneys. STIM1
mutation in T cells of these SHR-A3 rats contributed to
defective proliferation and cytokine production by T cells,
reduced T,.; numbers as well as increased IgM and IgG
immunoglobulin deposition in the kidneys indicating auto-
antibody formation. STIM1 gene rescue restored the lym-
phocyte function and reversed the pathological hallmarks
of renal injury except albuminuria and IgG deposition.”*

Clinical implications of SOCE in kidney

SOCC channels are ubiquitous, existing throughout the
body. SOCE is implicated in diverse renal conditions
(Figure 3). For example, Orail-mediated SOCE suppresses
ECM synthesis in MCs in the setting of diabetic nephropa-
thy, while Orail increases ECM abundance in proximal
tubular cells and renal fibrosis in mice consuming high-
fat diets. While STIM1 is important for physiological
water handling in the collecting tubules, it might be detri-
mental in ADPKD in proximal tubular epithelium. SOCE
inhibition prevents Th17 cell-mediated transition of acute
to chronic kidney disease, while loss of STIM1 function in
SHR-AS3 rats is associated with renal injury and autoanti-
body formation. These diverse effects of SOCE in different
renal cells and settings make treatment of SOCE-related
renal conditions extraordinarily challenging. Global inhibi-
tion/activation of SOCE might prove beneficial in one renal
cell type but produce detrimental effects in other cell types,
so SOCE must be carefully evaluated in the context of the
specified disease. Cell specific knockdown or overexpres-
sion of SOCC proteins or their modulators, or targeted
delivery of pharmacological activators/inhibitors of
SOCE, might be effective approaches for evaluating
SOCE. Strategies like use of targeted nanoparticle delivery
of Orail siRNA to knockdown Orail specifically in MCs in
vivo may have implications for eventual application in
humans.

Concluding remarks

The growing body of evidence reviewed here unequivocal-
ly demonstrates that SOCC is essential to signaling mech-
anisms controlling diverse physiological functions of
several distinct renal cell types. SOCE is regulated by mul-
tiple agonists and intracellular messengers affecting these
pathways in physiological and pathological settings.
However, regulation of SOCE varies among renal cell
types. As renal cells are highly specialized, the molecular
components of their signaling cascades vary, such that
SOCE elicits diverse responses. Variations in SOCC protein
composition likely contribute to the diversity of cell type-
specific responses. Variations among species, experimental
approaches, and tools for assessing SOCE also likely con-
tribute to divergent literature reports of these phenomena.
When analyzing SOCE, it is essential that other Ca®" chan-
nels are masked or silenced. Furthermore, the contributions
of TRPC channels must be interpreted carefully since Ca*"
entry through SOCC itself can activate individual TRPC
channels independent of intracellular Ca®" store depletion.
The possibilities that mitochondrial dysfunction affects
SOCE in renal cells, or that SOCE regulates renal electrolyte
and acid-base balance, merit investigation. siRNA
approaches and specific cell-targeted gene knockdown
strategies have enabled the role and regulation of SOCC
in ECM protein dynamics, renal fibrosis, and water homeo-
stasis to be deciphered. Increasing understanding of SOCE
molecular components will permit interrogation of the
therapeutic potential of these pathways for treatment
of kidney diseases. Since SOCE affects renal cell types
differentially, cell-specific targeted delivery of agents to
modulate SOCC holds particular promise for addressing
SOCE-related disorders.
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