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Glomerular mesangial cells (MCs) are the major source of extracellular matrix
(ECM). One of the early pathological changes in diabetic nephropathy (DN) is
accumulation of ECM in glomeruli. Multifunctional store-operated Ca?* entry (SOCE)
regulates MC function. However, whether and how SOCE in MCs contributes to
pathophysiology of DN remains unknown. The aim of the study was to investigate
association of SOCE in MCs with ECM protein expression and the underlying
mechanism using both in vitro and in vivo systems.

Study | was to determine the effect of diabetes on SOCE. In cultured human MCs,
we found that prolonged high glucose (HG) treatment (7 days) significantly increased
SOCE and membrane currents through store-operated channels (SOC). These responses
were abolished by SOC inhibitors. Consistently, prolonged HG treatment also increased
the abundance of SOC proteins STIM1 and Orail. HG also increased STIM1, but not
Orail mRNA expression. Furthermore, both STIM1 and Orail proteins were also
increased in the glomeruli/renal cortices of diabetic rats.

Study Il determined the influence of SOCE in MCs on ECM protein expression.
We found that activation of SOC by thapsigargin reduced the abundance of fibronectin
and collagen 1V while inhibitors of SOC had opposite effects. Knockdown of Orail in

human MCs increased fibronectin abundance. The HG induced increase in fibronectin



was attenuated by SOCE. Using a nanoparticle SiRNA delivery system, specific
knockdown of Orail in MCs in mice increased glomerular fibronectin and collagen 1V
protein content and mesangial expansion.

Study 111 determined the mechanism for inhibition of ECM protein expression by
SOCE. We found that activation of SOC attenuated TGFp1 mediated phosphorylation
and translocation of Smad3, a known fibrotic pathway in MCs. However, there was no
change in the production or secretion of TGFB1 by MCs. Orail knockdown in MCs in
mice increased the activation of Smad3.

Taken together, our results indicate that SOCE in MCs may be increased in the
late stage of diabetes, which suppresses ECM protein expression by inhibiting TGFp1-

smad3 pathway.



STORE OPERATED CALCIUM ENTRY IN GLOMERULAR MESANGIAL

CELLS AND DIABETIC NEPHROPATHY

DISSERTATION

Presented to the Graduate Council of the
Graduate School of Biomedical Sciences
University of North Texas
Health Science Center at Fort Worth
For the Degree of

DOCTOR OF PHILOSOPHY

By

Sarika Chaudhari, M.B.B.S., M.D.

Fort Worth, Texas

July, 2016



ACKNOWLEDGMENTS

I would like to express my deepest gratitude and respect to my mentor Dr. Rong Ma. |
thank him for giving me the opportunity to work in his lab and also for his guidance, patience
and support that I received from him during my time as his student. His enthusiasm for research
and science kept me engaged with my research project. This dissertation would not have been
possible without his encouragement. My heartfelt thanks goes to my committee members Dr.
Tom Cunningham, Dr Robert Mallet, Dr Joseph Yuan, and Dr Ladislav Dory for their kind
support, valuable time and vital suggestions at every juncture of my project and during the
compilation of this dissertation. I thank my colleagues from Dr. Ma’s lab, Dr Yanxia Wang, Dr
Yanfeng Ding and Min Ding for their help and technical expertise during my stay in the lab.

Special thanks are due to the funding support that included a RO1 grant from the
National Institutes of Health and a Grant-in-Aid from American Heart Association Southwestern
Affiliate, both, with Dr Ma as principal investigator and a grant from National Natural Science
Foundation of China to Peiwen Wu. | received a Doctoral Student Bridge Grant from UNTHSC
and Grant - in - Aid Research Grant from Sigma Xi Research Society, which | am very greatful
for and which facilitated the work in this dissertation as well.

I am forever greatful to my wonderful family, my parents, late Mr Devidas and Mrs
Sulabha, my mother-in-law, Mrs Nalini, my husband and my greatest support, Kiran Chaudhari
and my beautiful kids Shourya and Adheet. | could not have achieved so much without their
unconditional love and faith in me. They were, are and always will be my biggest strength and

weakness.



Avrticles resulting from this dissertation:
Chaudhari S, Wu P, Wang Y, Ding Y, Yuan J, Begg M, Ma R. High glucose and diabetes
enhanced store operated Ca®'entry and increased expression of its signaling proteins in

mesangial cells. Am J Physiol Renal Physiol. 2014; 306(9):F1069-80

Wu P, Wang Y, Davis ME, Zuckerman JE, Chaudhari S, Begg M, Ma R. Store-operated Ca?*
channel in glomerular mesangial cells negatively regulates extracellular matrix protein

expression. J Am Soc Nephrol. 2015 Nov; 26(11):2691-702.

Chaudhari S, Ma R. Store-operated calcium entry and diabetic complications. Exp Biol Med

(Maywood) 2016 Feb; 241(4):343-52.

Chaudhari S, Li W, Wang Y, Jiang H, Ma R. Store Operated Calcium Entry Suppressed
TGFB1-Smad3 Signaling Pathway in Glomerular Mesangial Cells. To be submitted to Am J

Physiol Renal Physiol.
Other published works

Wang Y, Ding M, Chaudhari S, Yanfeng Ding, Joseph Yuan, Dorota Stankowska, Shaoqing
He, Raghu Krishnamoorthy, Joseph T. Cunningham, Rong Ma. Nuclear factor kB mediates
suppression of canonical transient receptor potential 6 expression by reactive oxygen species and

protein kinase C in kidney cells. J Biol Chem. 2013; 288(18):12852-12865.

Wang Y, Chaudhari S, Ren Y, Ma R. Impairment of HNF4a Binding to stiml Promoter
Contributes to High Glucose-induced Upregulation of STIM1 Expression in Glomerular

Mesangial Cells. Am J Physiol Renal Physiol. 2015 May 15; 308(10):F1135-45.



Ma R, Chaudhari S and Li W. Canonical Transient Receptor Potential 6 Channel: A New
Target of Reactive Oxygen Species in Renal Physiology and Pathology. Antioxid Redox Signal.

2016 Mar 18. [Epub ahead of print]



TABLE OF CONTENTS

Page

LIST OF TABLES ... e e e e e e e e e e et e aen s viii

LIST OF ILLUSTRATIONS ... et e e e e e e e e e e iX
CHAPTER

L INTRODUCGTION Lo et e e e e e e e e e e e e e eaen, 1

BaCKgroUNd ... ... 1

SPECITIC AMS L. e e e e e e e 10

U e e e 12

ADDreVIAtIONS ... 24

RETEIBINCES ...t e 26

I1. HIGH GLUCOSE AND DIABETES ENHANCED STORE-OPERATED CA?*

ENTRY AND INCREASED EXPRESSION OF ITS SIGANLING PROTEINS

IN MESANGIAL CELLS. .. o e e e e e e e 46
ADSTIACE ...t e 47
L30T 0] 0 P 47
a1 0o [0 Tod o] o I PP 48
Materials and Methods .........ooini i e 49
RESUILS ...ttt e e e e 54



(Dol 0 Y (o] 1 I 59

Acknowledgements and Grants ..........c.ooeoiiiiiiiiiiii e 62
I UIES e e e 64
ADDIEVIALIONS ... e 83
RETEIENCES ...t e 84

I1l. STORE-OPERATED CA?* CHANNELS IN MESANGIAL CELLS INHIBIT

MATRIX PROTEIN EXPRESSION ... e 95
ADSEIACE ...t e 96
[TV 0] 0 96
a1 0o [0 Tod o] o I 97
Materials and Methods ........c.oo i e 98
RESUILS ... et e e e e e e 101
I3 B 5] (o] 104
Acknowledgements and Grants ..........c.ooeviviiiiiiiiiii e, 107
B UIES o e e 108
ADDIEVIALIONS ....ee e 120
RETEIENCES ... i e e e e 121

IV. STORE OPERATED CALCIUM ENTRY SUPPRESSED TGFB1-SMAD3

SIGNALING PATHWAY IN GLOMERULAR MESANGIAL CELLS............ 128
ADSIIACT ... 129
[TV 0] 0 129
INEFOAUCTION ...t e e e e e e 130
Materials and Methods ............oi oo 131

Vi



RESUILS ..o e 136

3 oW 5] o] P 139
Acknowledgements and Grants ..........c.oooviiiiiiiiiiiiin e, 143
I UIES e e e 145
ADDIEVIAtIONS ... e e 163
RETEIENCES ...t e e 165

V. SUMMARY, GENERAL DISCUSSION AND FUTURE DIRECTIONS

Summary and General DISCUSSION ..........iuuieiieiieiie e 173

FULUIE DIFECTIONS ... .ee e e e e e e e e e e e e 176

FIgUIE e e e 179

ADDIEVIALIONS ... e e e 181

RETEIENCES ... e e 182
APPENDIX

Store-Operated Ca2* Channels in Mesangial Cells Inhibit Matrix Protein

Expression. (Published Manuscript) ..........ooooviiiiiiiii i, 184

vii



LIST OF TABLES

CHAPTER 11

Table 1. Primers used for real-time PCR ........ooii i e 63
Table 2. Diabetic parameters in LFD and HFD rats ............cooiiiiiiiiiiiiiii e e, 63
CHAPTER IV

Table 1. siIRNAs used for transient transfection ..., 144

vii



CHAPTER I

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

CHAPTER Il

Figure 1.

Figure 2.

Figure 3.

LIST OF ILLUSTRATIONS

Structure of normal renal glomerulus ...,
Major Ca?" entry pathways in glomerular mesangial cells ............

Molecular structure of STIM1 and Orail .......ooveveiiiiieiiiiaiaen..

Molecular coupling between STIM1 and Orail within the

endoplasmic reticulum-plasma membrane junctions ..................

Hyperglycemia-induced activation of intracellular

signaling pathways important to diabetic nephropathy ....................

Pathway illustrating activation of Smad3 by TGFp1

Time dependent effect on fura-2 fluorescence indicated

store-operated calcium entry in human mesangial cells cultured

in normal glucose and high glucose ..o s,

Whole cell currents in response to depletion of intracellular Ca?*
stores in human mesangial cells cultured in normal glucose and

high glucose at different time periods
Fura-2 fluorescence indicated Angiotensin mediated

receptor -operated calcium entry in human mesangial cells in

presence of high glucose ...

.12
...... 14

.16

...... 18

.20



Figure 4. STIML1 protein abundance in presence of high glucose in human

mesangial CellS ...... ... 72
Figure 5. Orail protein abundance in presence of high glucose in human

mesangial CellS ...... ..o 74
Figure 6. STIML1 protein abundance in the glomeruli/renal cortices from

control and diabetic rat Kidneys ..........c.oooviiiiiiiiiii e, 77
Figure 7. Orail protein abundance in the glomeruli/renal cortices from control

and dIabetiC ratS ... .ot 79
Figure 8. Influence of high glucose on STIM1, STIM2, and Orail mRNA

expressions in in human mesangial cells ..., 81

CHAPTER 11

Figure 1. Regulation of extracellular matrix protein expression by

pharmacological activation/inhibition of store-operated calcium

channel in human mesangial cells ... 108
Figure 2. Effect of knockdown of Orail on extracellular matrix protein

expression in human mesangial cells ..., 110
Figure 3. Downregulation of high glucose-stimulated extracellular

matrix protein expression by store-operated calcium entry in human

mesangial CellS ...... ..o 112
Figure 4. Distribution of nanoparticles with sSiRNA against Orail in mesangial

cells IN MOUSE KIANBY .....vveee e, 114
Figure 5. Effect of in vivo knockdown of Orail in mesangial cells on

extracellular matrix protein expression in mice glomeruli ................ 117



CHAPTER IV

Figure 1. Effect of store-operated calcium entry on TGFB1 secretion

or production in human mesangial cells ..............coii i, 145
Figure 2. Downregulation of TGFp1-induced phosphorylated Smad3

protein expression after pharmacological activation of

store-operated calcium entry in human mesangial cells................... 147
Figure 3. TGFB1-induced phosphorylated Smad3 expression after knockdown

of Orail in human mesangial cells ... 149
Figure 4. TGFB1-induced phosphorylated Smad3 expression after

overexpression of Orail in human mesangial cells ........................ 151
Figure 5. TGFB1-stimulated translocation of Smad3 to the nucleus

after activation of store-operated calciumentry ...............cocveenenn. 154
Figure 6. Distribution of nanoparticle-siRNA delivery system for Orail

SIRNA in mesangial cells in mouse kidney ..............ccooeeveiieinnnn. 157
Figure 7. Effect of knockdown of Orail in mesangial cells on activation

of Smad3 in mice glomeruli ..........coooi i, 159
Figure 8. Diagram demonstrating the pathway involved in regulation

of TGFB1-Smad3 signaling by Orail-mediated store-operated

calciumentry in mesangial cells ..., 161

CHAPTER V
Figure 1. Diagram depicting the compensatory store operated calcium entry

pathway in the mesangial cells in diabetic nephropathy ................. 179

Xi



CHAPTER 1

INTRODUCTION

Background
Glomerular Mesangial Cell Physiology

Glomerulus, the filtering site of nephron, constitutes a network of capillaries surrounded
by Bowman’s capsule. (Figure 1A) The filtering membrane across which plasma is filtered
consists of fenestrated endothelial cells of capillaries, followed by glomerular basement
membrane and slit pores of specialized epithelial cells of capsule called podocytes (1).
Glomerular mesangial cells (MCs), a special form of microvascular pericytes (2), are another
important type of cells along with endothelial cells and podocytes. MCs generate and are
embedded in their own extracellular matrix (ECM) forming the mesangium which is interspersed
between the glomerular capillary loops and is in direct contact with the endothelial cells (3,4)
(Figure 1B). MCs form the support network for the capillary tuft and maintain the architecture
of glomerulus (5). Local accumulation of macromolecules that reach mesangial space is
prevented partly by phagocytosis and degradation by these cells (2). MCs and their matrix
function in close harmony with podocytes and endothelial cells as one functional unit (6).

Alterations in one cell type can produce changes in the others. With the advent and ease of cell



culture techniques it has become possible to dissect out the role of individual member of this
unit.

The smooth muscle like contractile property of MCs in response to various vasoactive
stimuli like angiotensin 11 (Angll), endothelin (ET) is important for fine tuning of the glomerular
filtration rate (GFR) independent of afferent and efferent arterioles (2,6,7). This contraction is
dependent on the influx of Ca?* from the extracellular space. MCs also exhibit receptors for and
secretion of various growth factors and cytokines (6,8). Some of these like transforming growth
factor Bl (TGFp1), platelet derived growth factor (PDGF) and fibroblast growth factor (FGF)
can act in paracrine as well as autocrine manner (8,9). For example, in response to stretch MCs
generate soluble factors such as TGFB1 (10), vessel epithelial growth factor (VEGF) (11), and
connective tissue growth factor (12), and high glucose stimulates MCs to secrete TGFS1 (13).
These growth factors and cytokines in turn activate multiple intracellular signaling pathways like
protein kinase C, mitogen-activated protein kinase/extracellular signal-regulated kinase, p38, c-
Jun N-terminal kinase, and phosphatidylinositol-3 kinase/Akt (14-16) , and consequently,
regulate cell growth, contractility, gene transcription and protein synthesis.

Another major function of MCs is production of mesangial matrix or ECM which is a
highly dynamic and tightly regulated structure. ECM is made up of various constituents like type
IV collagen (only the al and o2 chains); type V collagen; laminin (A, B1, and B2), considerable
amounts of fibronectin, heparan sulfate and chondroitin sulfate proteoglycans, entactin, and
nidogen, minor amounts of the proteoglycans decorin and biglycan (4,17). Mesangial matrix
components can influence matrix-cell signaling in response to stimuli like mechanical stretch
(18). They can also impact MC growth and proliferation both directly and indirectly, the latter by

binding to different growth factors and regulating their activation and release. For example,



activation of matrix metalloproteinases releases TGFB1 from its binding protein to act on MCs.
The composition and volume of mesangial matrix can be markedly altered during diseases like

diabetic nephropathy (DN)(4,17,19,20).

MC function and Ca?* signaling

The function of MCs is regulated by intracellular Ca?* signaling. Extensive ongoing
research in the field indicates that Ca?* entering the cell via specific Ca?* channels has a precise
targeted pathway activation and outcome (21-23). A number of different Ca?* channels are now
known to regulate MC function including voltage-operated calcium channels (VOCC), receptor-
operated channels (ROC), and store-operated channels (SOC) (Figure 2). VOCC are activated
when the plasma membrane is depolarized by any factor. Using fura-2 fluorescence, Yu et al.
first characterized these channels in cultured rat MCs. These channels are known to influence
MC growth and can be blocked by nifedipine, a selective VOCC inhibitor (24). Further
electrophysiological experiments by Matsunaga et al (25). wusing patch clamp technique
suggested the presence of ROC for PDGF in rat MCs. It was later demonstrated that various
vasoactive and mitogenic agents like PDGF, insulin, Angll, and ET exert their effects via these
channels to regulate MC growth and contraction (26-28). These ligands bind to their receptors
activating G protein-coupled cell signaling cascade that leads to generation of diacylglycerol
(DAG) and inositol triphosphate (IPs). DAG reacts with ROC to influence Ca?* entry through
these channels.
Mene et al. for the first time in 1994, observed a novel Ca?* entry mechanism in human MCs that
occurred after depletion of intracellular Ca?* stores. This Ca®* entry response was also found in

rat and mouse MCs (27,29,30). The internal Ca?* store depletion-activated Ca?* channel which



was previously known calcium release activated calcium channels is known as SOC. The Ca?*
entry through SOC is known as store operated calcium entry (SOCE). Circulating or locally
produced hormones/cytokines/growth factors that activate either G protein coupled receptors or
receptor tyrosine kinases can open SOC through activation of the phospholipase C/IPz pathway
(31). Electrophysiological studies in cells with depleted endoplasmic reticulum (ER) stores have
shown membrane currents with diverse properties, indicating that different classes of cells
express distinct SOC(32). The biophysical properties of SOCs in cultured human MCs were first
characterized by Li et al. (33) and Ma et al. (34) using techniques like Ca?* imaging and
electrophysiology. These channels are described as non-specific cation permeable channels with
very low single-channel conductance of 1-2.1 pS. In absence of divalent cations they are very
permeable to monovalent cations (34). Experimentally, SOC can be activated using
sarcoplasmic/endoplasmic reticulum Ca?" ATPase (SERCA) inhibitors like thapsigargin (TG)

and cyclopiazonic acid (CPA) or IP3 that activates IP3 receptors in the ER membrane (35).

Molecular components of SOC

Although SOC has been recognized almost three decades ago, the definite molecular
identity of the channel was not known until recently. High throughput RNA interference
screening recognized two protein families, stromal interaction molecule (STIM) (36,37) and Orai
(38-40), as essential components of SOCE. There are two isoforms for STIM, STIM1 and
STIM2. Both are structurally very similar varying only at extreme N and C termini (41,42).
STIML1 is a single-pass transmembrane protein located predominantly in the ER membrane and
some in the plasma membrane (PM) (42,43). In the ER, it functions as a Ca?* sensor to sense ER

luminal Ca®* concentration (36,44). The N terminal Ca?* sensing domain is a tight cluster of



short o helices comprising two EF-hand domains and a sterile a motif (SAM) domain while
cytoplasmic C-terminal region contains more extensive o helical regions long enough to couple
with  PM Orai channels (36,45) (Figure 3A). Orai family of proteins constitute the
tetramembrane-spanning proteins Orail, Orai2, and Orai3, with both the N- and C- termini
located on the cytosolic side of the PM (Figure 3B). Orai proteins are pore-forming unit of SOC
located at the plasma membrane (38,46). Each protein has conserved acidic residues that are
crucial for forming the highly Ca?*-selective filter and channel pore regions (39,46,47) At
resting state, STIM1 is widely distributed through the ER membrane. However, upon store
depletion, STIM1 protein rapidly oligomerizes and aggregates to form puncta and subsequently
moves into PM junctional regions (36,48), where it directly associates and subsequently activates
C-terminal cytoplasmic coiled-coil region of Orail leading to Ca?* entry into the cytosol (49,50)
(Figure 4).

Prior to the discovery of Orail and STIM1, several isoforms of canonical transient
receptor potential (TRPC) proteins were proposed as the molecular components. They are still
considered to be involved in SOCE by interacting with STIM1 and/or Orail (51-54). In cultured
human MCs Ma and coworkers have provided evidence for STIM1 as a prerequisite for SOCE

and role of TRPC1, TRPC4 as possible SOC units (55).

SOCE and its diverse role

SOCE was initially considered as a major mechanism of Ca?* entry in non-excitable cells,
such as immune cells, platelets, and endothelial cells serving functions like maintenance of
intracellular Ca?* levels, exocytosis, cell proliferation, apoptosis and activation of gene

transcription (56,57). Later, this Ca?* entry pathway was also found in many excitable cells, such



as neurons (58), cardiac myocytes (59), skeletal muscle cells (60) and vascular smooth muscle
cells (61). It is now widely accepted that SOCE is a ubiquitous Ca?* signaling pathway that
regulates diverse cellular functions in a variety of tissues and organ systems (34,62-68). SOC
function is distinct in different tissues and cell types (69,70). In general, the SOC-associated
signaling pathway promotes protein synthesis and cell growth (69), for instance, contributing to
cardiac hypertrophy (68,71). However, a recent study revealed that the SOC-mediated Ca?
influx suppressed cell growth in mouse embryonic fibroblasts and rat uterine leiomyoma cells
through inhibition of Aktl (72). Thus, the effect of SOC on protein production might be cell type
specific and/or cell context dependent. Therefore, it is not surprising that dysfunction of SOC can
lead to a series of disorders, such as immunodeficiency, myopathy, and vascular diseases

(62,68,70-78).

Diabetes and SOCE

Dysregulation of Ca?* homeostasis and Ca?* signaling is well known in diabetes (79-82).
Over the past decade, accumulating evidence has demonstrated that many diabetic complications
involve alterations of SOCE and its signaling pathways (83-85). Since diabetes and its
complications are becoming epidemic worldwide and there is no curative therapy currently
available for diabetic complications, continued exploration of the basic pathophysiology of
diabetic complications and of new therapeutic approaches is in need. SOCE is involved in the
regulation of pathological events occurring in multiple organ systems in a diverse manner.
Prolonged exposure of human umbilical vein endothelial cells (4 days) to high glucose medium
resulted in a significant increase in apoptosis, which was associated with increased SOC activity

(86). Daskoulidou et al. provided evidence that high glucose enhanced SOCE in vascular



endothelial cells and this enhancement was due to increased abundance of Orail-3 and STIM1-2
proteins. They further showed that the mRNA expression levels of Orail-3 and STIM1-2 were
significantly increased in the abdominal aortae of STZ-diabetic mice and Akita diabetic mice
(84). On the contrary, SOCE was substantially reduced in retinal microvascular smooth muscle
and aortic smooth muscle cells from STZ diabetic rats (87,88). Importantly, the contractile
response of the vessel was significantly reduced in the diabetic rats compared to that in control
rats (88). Mita et al. (89) demonstrated similar results in Goto-Kakizaki rats, type 2 diabetic
animals. On the other hand, the saphenous veins from patients with type 2 diabetes showed
exaggerated CPA-induced SOCE and contraction compared to the vessels from subjects without
diabetes (83). The discrepancies in the effect of SOCE on vascular smooth muscle cells in these
animal and human studies may be due to differences in the species, severity of diabetes or the
segments of vessels involved. In platelets from type 2 diabetic patients earlier studies revealed
that SOCE stimulated by thrombin, TG or ionomycin was significantly greater than in those from
healthy controls and later was attributed to increased expression of STIM1 and Orail (90-92).
Pang et al. (93) demonstrated significantly decreased SOCE stimulated by Angll or TG in
cultured neonatal rat ventricular myocytes with short-term hyperglycemia (20 h) accompanied by
blunted Ca?* dependent hypertrophic response and nuclear translocation of nuclear factor of

activated T-cells.

Diabetes and SOCE in MCs
Diabetic nephropathy, one of the most common complications of diabetes mellitus, is a
major cause of end stage renal disease (ESRD) (94,95). Early features of DN include glomerular

hypertrophy with thickening of the glomerular basement membrane and expansion of glomerular



mesangium, which eventually develop into glomerulosclerosis and renal insufficiency (96-100).
Glomerular MCs are the major contributor to these structural changes in diabetic kidney
(17,101,102). MC function is controlled by intracellular Ca?* signaling which involves several
types of Ca?* channels, including SOC (103). Furthermore, studies demonstrated that SOC
participated in hormone-stimulated Ca?* responses in MCs (27,104-106).

Alterations of SOC function in MCs under conditions of diabetes have been extensively
studied in both in vitro and in vivo settings. In the earlier studies conducted in cultured rat and
human MCs, Mene et al. demonstrated that arginine vasopressin- and Angll-induced SOCE was
attenuated by high glucose treatment (30 mM for 5 days) (106,107). However, both vasopressin
and Angll not only activate SOC, but activate ROC as well (108,109). Therefore, the attenuation
of the Ca?* response by high glucose in that study might be due to impairment of ROC. Nutt and
coworkers examined the effects of high glucose on ET-1- (activates both SOC and ROC) and TG-
(selectively activates SOC)-induced Ca?* response in cultured rat MCs. They revealed that high
glucose treatment at 30 mM for 5-7 days significantly reduced ET1-induced Ca?* entry, but had
no effect on TG induced Ca?* response (27). Their study suggests that in a time period of 5 days,
high glucose treatment did not impair SOCE, but significantly inhibited the Ca?* entry through
ROC.

(Chaudhari et al., EBM, 2015: pg344) (110).

Apparently, the diabetes/high glucose effect on SOCE in MCs is complex and may be
dependent on the species (human vs. rat/mouse) and the stage of diabetes/duration of high

glucose treatment.



DN and ECM

Diabetic nephropathy, associated with initial hyperfiltration and microalbuminuria, is
followed over years by gradual decline in GFR with moderate to severe proteinuria, finally
reaching a stage of renal insufficiency and ESRD (111-113). The gradual impairment of the
kidney is caused by structural alterations which at the beginning consist of a gradual and
progressive accumulation of ECM in the mesangium and glomerular basement membrane
(96,114,115). While defects in the glomerular basement membrane are mainly associated with
the proteinuria, gradual impingement of growing mesangium in the surrounding capillary
network is accountable for declining GFR over years (116). The correlation of extent of matrix
expansion with declining glomerular function provides evidence for this patho-clinical finding
(115,117,118). Expansion of mesangial matrix in early stage of diabetes has been partly
attributed to the glomerular hypertension in the absence of systemic hypertension causing
stretching of MCs and release of growth factors and cytokines (96,119).
Hyperglycemia is the major stimulus to renal cells to produce cytokines and growth factors that
are responsible for accumulation of ECM (99,119-123). ECM expansion can be due to either
increased content of proteins normally present in the mesangium or deposition of new proteins
that normally are not present in this tissue or both. The major ECM proteins that are increased in
diabetic kidney are collagen 1V and fibronectin, and in very late stages of DN, collagen | and |1
(114). In addition to hyperglycemia, reactive oxygen species, Ang Il, advanced glycation end
products and growth factors also stimulate production of ECM proteins in MCs as well as in
other renal cells in diabetes. Among those pathogenic factors, TGFp is a central mediator for

renal injury in diabetic kidney (124-129) (Figure 5).



TGFB-Smad pathway

Transforming growth factor B is the prototype cytokine of TGFp superfamily and is known to
stimulate production of ECM proteins contributing to renal fibrosis (130,131). There are three
isoforms of TGFP namely, TGFB1, TGFB2 and TGFB3. TGFp1 is the most common and best
characterized isoform and a critical player for ECM expression in MCs in diabetes (13,132-134).
The main downstream signaling pathway of TGFp is the Smad pathway, particularly Smad3
signaling (135-138) (Figure 6). The receptors for TGFp, type II and type I are serine-threonine
kinases. Binding of TGFp1 to its type Il receptor transphosphorylates the GS domain of type |
receptor and activates its kinase activity, resulting in phosphorylation of intracellular substrates
Smad2 and Smad3. Both Smad2 and 3 are combined with Smad4 and subsequently translocate
into the nucleus where they regulate gene transcription(13,139). Activation of Smad3 by TGFB1
promotes expression of ECM proteins (137,138) while the role of Smad2 is obscure. Although
the Smad signaling is the main pathway for TGFB1 effects in diabetes, TGFB1 also activates
other pathways like TAK1 (TGFP associated kinase 1) Erk (extracellular signal regulated
kinases), p38, MAPK (mitogen activated protein kinase) and Akt/mTOR (mammalian target of
rapamycin). All of those pathways interact with each other and with the Smad pathway (140-

144).

Specific aims of this study

Glomerular MCs are the major source of ECM proteins. Expansion of glomerular
mesangium is one of the early pathological changes in DN. This structural impairment, if not
treated, will progress to irreversible kidney damage and renal insufficiency, and eventually to

ESRD. TGFB1-Smad3 pathway plays a critical role in ECM expansion and development of DN.
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The function of MCs depends on various intracellular Ca?* signaling pathways. We have
demonstrated previously that SOCE exists in MCs. Dysregulation of SOCE was demonstrated in
various cells in diabetes. However, whether and how SOCE in MCs contributes to
pathophysiology of DN remains unknown. The following three specific aims were designed,
using both in vitro and in vivo systems, to address the hypothesis that SOCE is altered in MCs in
diabetes and that it regulates the ECM protein expression in MCs likely through its interaction

with the TGFB1-Smad3 pathway.

Specific aim I: To determine the effect of high glucose/diabetes on SOCE and further
characterize the molecular mechanisms for the change in SOCE in mesangial cells.

Specific aim Il: To define the effect of SOCE in mesangial cells on the extracellular matrix
proteins expression.

Specific aim I11: To determine if TGF1-Smad3 pathway mediates the effect of SOCE on ECM

proteins in mesangial cells.

These three specific aims are included in this dissertation as Chapters 11, 111, and 1V, respectively
in the form of manuscripts. Each chapter consists of introduction, material and methods, results
and discussion sections described therein. Chapter V presents an overall conclusion integrating
the outcomes of the specific aims, along with discussion of study limitations and future

directions.
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Figure 1. Structure of normal renal glomerulus.

A. Section through normal glomerulus. Afferent arteriole and efferent arteriole carries blood to
and from the glomerulus. Afferent arteriole divides to form the glomerular capillary network
surrounded by Bowman’s capsule. Glomerular MCs are interspersed between the capillary loops
and are distinct from the extra-glomerular MCs present between and surrounding the afferent and
efferent arterioles. Blood is filtered from the capillary lumen through the layer of endothelial
cells, glomerular basement membrane and slit pores of podocytes to the capsular space.
(Modified from Marieb et al. 2007(145)) B. Schematic diagram, showing three dimensional
arrangement of glomerular cells. Endothelial cells of the capillaries are separated from the slit

pores of podocytes by basement membrane, while MCs are in direct contact with the endothelial

cells. (Modified from Kumar et al., Robbins Basic Pathology 8th edition © Elsevier)
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Figure 2. Major Ca?* entry pathways in MCs.

Agonist binding to G-protein coupled receptor or tyrosine Kkinase receptors activates
phospholipase C that forms DAG and IP3 from phosphatidylinositol 4,5 bisphosphate. Membrane
depolarization and DAG activates VOC and ROC, respectively. IP3z binds to its receptor on the
ER membrane and releases Ca?*. This store depletion is sensed by STIM1 protein on the ER
membrane, which in turn activates Orail and allows Ca?* to enter the cell. This Ca?* entry
secondary to internal Ca?* store depletion is termed SOCE. Compounds which block SERCA
pump such as TG and CPA on the ER membrane or IP3 that releases Ca?* from ER can be used

to activate SOCE. (Dashed arrow indicates inhibition.)
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Figure 3. Molecular structure of STIM1 and Orail

A. Architecture of STIM1 (left). The ER luminal N-terminal region includes a Ca?* binding
canonical EF-hand motif (cEF), a hidden EF-hand (hEF) motif, and a sterile a-motif (SAM).
STIML1 has a single transmembrane domain TM. The cytosolic C-terminal region includes three
coiled-coil (CC) regions (CC1, CC2, and CC3), which contain the SOAR (STIM-Orai activating
region) or CAD (CRAC activation domain). Downstream of CC3 there is a C-terminal inhibitory
domain (CTID), which overlaps the CRAC modulatory domain. The C-terminal region also
contains a Pro/Ser-rich domain (PS) and a Lys-rich domain (K). The right panel is a cartoon
depicting a possible crystal structure of STIM1 monomer in the coalescent state. B. Architecture
of Orail (left). Both N and C terminals are on cytosolic side. The N terminal region contains an
arginin-rich region, (R) and a proline-rich region, (P) (present in Orail a, not in Orail ), an
arginine-lysine-rich region, (RK), four transmembrane domains (TM); and a coiled-coil domain
(CC). On right is the cartoon depicting Oraila monomer crystal structure in the resting state.

(Modified from Rosado et al., 2015.(146))
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Figure 4. Molecular coupling between STIM1 and Orail within ER-PM junctions.

In conditions of repleted Ca?* STIML1 is diffusely distributed along the ER membrane. Depletion

of ER luminal Ca2+ causes Ca2+ dissociation from the STIM1 N-terminal cEF-hand, leading to
aggregation of STIM1 which accumulates in pre-existing ER-PM junctions. Diffusible Orail
tetramers in the PM are trapped in junctions by interaction with STIM1 and conformationally
gate the opening of Orail channels. Extracellular Ca?* then enters the cytosol leading to store -

operated Ca?* entry.
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Figure 5. Intracellular pathways stimulated by hyperglycemia in diabetes. High glucose
activates intracellular signaling pathways that in turn activates or interact with other pathways
leading to activation of cytokines and transcriptional factors and ultimately regulates gene

expression and fate of the cell. (Modified from Kanwar et al., 2008. (96))
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Figure 6. TGFp1-Smad3 pathway activation.

Binding of TGFp1 to its receptors leads to activation of receptor operated Smads, Smad2 and
Smad3 by phosphorylation. Activated Smad2/3 subsequently translocates into the nucleus along
with common Smad, Smad4 and regulates transcription of various genes, including those for

ECM proteins. (Modified from Xie et al., 2014.(147))
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Abbreviations

Ang II: angiotensin 11

CPA: cyclopiazonic acid

DAG: diacylglycerol

DN: Diabetic nephropathy

ECM: extracellular matrix

ER: endoplasmic reticulum

Erk: extracellular signal regulated kinases
ESRD: end stage renal disease

ET: endothelin

GFR: glomerular filtration rate

IP3: inositol triphosphate

MAPK: mitogen activated protein kinase
MCs: mesangial cells

mTOR: mammalian target of rapamycin
PDGF: platelet derived growth factor
PM: plasma membrane

ROC: receptor-operated channels
SERCA: sarcoplasmic/endoplasmic reticulum Ca?* ATPase
SOC: store-operated channels

SOCE: store operated calcium entry
STIM: stromal interaction molecule
TAKI1: TGFp associated kinase 1

TG: thapsigargin

TGEFp: transforming growth factor beta
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TRPC: canonical transient receptor potential
VEGF: vessel epithelial growth factor

VOCC: voltage-operated channels
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Abstract

The present study was conducted to determine whether and how store-operated Ca?* entry
(SOCE) in glomerular mesangial cells (MCs) was altered by high glucose (HG) and diabetes.
Human MCs (HMCs) were treated with either normal glucose or HG for different time periods.
Cyclopiazonic acid-induced SOCE was significantly greater in the MCs with 7 day HG treatment
and the response was completely abolished by GSK-7975A, a selective inhibitor of store-
operated Ca?* channel. Similarly, the inositol 1,4,5-trisphosphate-induced store-operated Ca2*
currents were significantly enhanced in the MCs treated with HG for 7 days and the enhanced
response was abolished by both GSK-7975A and La®*. In contrast, receptor-operated Ca®* entry
in MCs was significantly reduced by HG treatment. Western blot showed that HG increased the
expression levels of STIM1 and Orail in cultured MCs. A significant HG effect occurred at a
concentration as low as 10 mM, but required a minimum of 7 days. The HG effect in cultured
MCs was recapitulated in renal glomeruli/cortex of both type I and 11 diabetic rats. Furthermore,
quantitative real time RT-PCR revealed that a 6 day HG treatment significantly increased mRNA
expression level of STIM1. However, the expressions of STIM2 and Orail transcripts were not
affected by HG. Taken together, these results suggest that HG/diabetes enhanced SOCE in MCs
by increasing STIM1/Orail protein expressions. HG upregulates STIM1 by promoting its

transcription, but increases Orail protein through a post-transcriptional mechanism.

Keywords: Store-operated Ca?* entry; STIM1; Orail; mesangial cells; high glucose; diabetic

nephropathy
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Introduction

The ubiquitous store-operated Ca?* entry (SOCE), the Ca?* entry through store-operated Ca®*
channel (SOC) driven by depletion of endoplasmic reticulum (ER) Ca?* is critical to the primary
Ca?* signaling pathway in a variety of cell types (59). This Ca* entry pathway plays an essential
role in a wide variety of physiological functions including exocytosis, enzymatic activity, gene
transcription, cell proliferation, and apoptosis (59). Although SOCE was originally described
over two decades ago (64), its molecular mediators were unknown until recently. By high
through-put RNAI screening, two protein families, STIM (45; 67) and Orai (22; 78; 87), were
identified as required components of SOCE. STIML1 is a single-pass transmembrane protein
located primarily in the ER membrane and functions as an ER Ca?" sensor to sense the ER
luminal Ca?* concentration. Orail is a small plasma membrane protein and is believed to be the
pore-forming unit of SOC. Upon depletion of ER Ca?*, STIM1 aggregates and translocates to
ER-plasma membrane junctions, where it physically associates and subsequently activates Orail
and causes Ca?* entry into the cytosol (12; 80).

It is well known that Ca?* signals regulate function of renal microvasculature (10; 16; 18-21; 26).
Glomerular mesangial cells (MCs) sit between glomerular capillary loops, a special part of renal
microvasculature, and maintains the structural architecture of the capillary networks. These cells
play important roles in mesangial matrix homeostasis, regulation of glomerular filtration rate and
phagocytosis of apoptotic cells in glomerulus (1; 68; 74). MC dysfunction is closely associated
with several glomerular diseases, such as diabetic nephropathy (37; 39; 69). Like many other cell
types, MC function is largely regulated by intracellular Ca?* signals and the MC Ca?*
homeostasis is, at a large extent, attributed to Ca?* channels in the plasma membrane (47; 74).

Over past decades, we and others have demonstrated that SOCE mediates MC Ca?* responses to
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a variety of circulating and locally produced hormones, such as angiotensin Il (Ang II),
endothelin 1, and epidermal growth factor (9; 43; 48; 55; 58). We further demonstrated that
STIM1 was required for activation of SOCE in human MCs (HMCs) (73). However, the
association of SOCE in MCs with diabetic nephropathy remains unknown. The aim of the
present study was to determine what and how diabetes affects SOCE in MCs using cultured MCs

in combination of animal models of diabetes.

Materials and Methods

MC culture. HMCs belong to Clonetics™ renal MC system and were purchased from Lonza
(Walkersville, MD). MCs in a 75 cm? flask were cultured in normal glucose (5.6 mM, NG)
DMEM medium (Gibco, Carlsbad, CA) supplemented with 25 mM HEPES, 4 mM glutamine,
1.0 mM sodium pyruvate, 0.1 mM nonessential amino acids, 100 U/ml penicillin, 100 pg/ml
streptomycin and 20% FBS. When MCs reached ~90% confluence, the cells were split into 60-
mm cell culture plates for various treatments as specified in figure legends. For NG treatment, 20
mM o-mannitol was added to the media for an osmotic control. For HG treatment, the
concentration of D-glucose was 25 mM. Cells were growth-arrested with 0.5% FBS media
during treatments. Culture media was replaced with fresh media every other day. Only
subpassage 4-9 MCs were used in the present study.

Transient transfection of HMCs. In Figure 5 E & F, siRNA against human Orail or scramble
control siRNA were transiently transfected into HMCs using Lipofectamine and Plus reagent
(Invitrogen-BRL, Carlsbad, CA) following the protocols provided by the manufacturer. Cells

were harvested for western blot 72 hours after transfection.
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Western blot. The whole cell lysates, glomerular extracts or renal cortical extracts were
fractionated by 10% SDS-PAGE, transferred to PVDF membranes, and probed with primary
STIML1, Orail, actin, and tubulin antibodies. Bound antibodies were visualized with Super Signal
West Femto or Pico Luminol/Enhancer Solution (Thermo Scientific, Rockford, IL). The specific
protein bands were visualized and captured using an AlphaEase FC Imaging System (Alpha
Innotech, San Leandro, CA). The IDV of each band was measured by drawing a rectangle
outlining the band using AlphaEase FC software with auto background subtraction. If a protein
had double bands, a total IDV by summation of each band IDV was used. The expression levels
of STIM1 and Orail proteins were quantified by normalization of the IDVs of those protein
bands to that of actin bands on the same blot.

Quantitative real time RT-PCR. The total RNA was isolated from cultured HMCs using
PerfectPure RNA cultured cell kit (5 Prime, Inc., Hamburg, Germany) following the
manufacturer’s protocol. All primers used in the present study were listed in Table 1. The
primers were synthesized by IDT (Coralville, lowa). A total of 1.0 ug RNA in a final volume of
20 pl was used for RT reactions using iScript cDNA synthesis kit (BioRad, Hercules, CA)
following the manufacturer’s reaction protocol. A total of 0.2 ug RT product and 100 nM primer
was used for real time PCR which was performed using iQ SYBR green supermix (BioRad,
Hercules, CA) in a final volume of 20 ul. The PCR mix was denatured at 95°C for 10 min,
followed by 45 cycles of melting at 95°C for 15 s, annealing at 57°C for 10s and elongation at
72°C for 15 s. After amplification, a melting curve analysis from 65°C to 95°C with a heating
rate of 0.02°C /s with a continuous fluorescence acquisition was made. The assay was run on a
C1000™ Thermal Cycler (BioRad, Hercules, CA). The average C: (threshold cycle) of

fluorescence unit was used to analyze the mRNA levels. The STIM1, STIM2, and Orail mRNA
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levels were normalized by their corresponding [B-actin mRNA levels. Quantification was
calculated as follows: mRNA levels = 22!, where ACt = Ct, stim1 0f Ct, sTimz OF Ct, orai1 — Ct, actin.
Fura-2 fluorescence ratiometry. Measurement of [Ca®']i in MCs was performed using fura-2
fluorescence ratiometry as described in (81). Briefly, MCs, grown on a coverslip (22x22 mm),
were loaded with 2 uM acetoxymethyl ester of fura-2 (fura-2/AM) plus 0.018 g/dl Pluronic F-
127 (Invitrogen, Grand Island, NY) for 50 min at room temperature followed by additional 20
min incubation in fura-2 free physiological saline solution. The coverslip was then placed in a
perfusion chamber (Warner, Model RC-20H) mounted on the stage of a Nikon Diaphot inverted
microscope. Fura-2 fluorescence was monitored at 340 and 380 nm excitation wavelengths and
at 510 nm emission wavelength using NIS Elements AR™ software (Nikon Instruments Inc.,
Melville, NY) at room temperature. [Ca®']; was calculated using the software following the
manufacturer’s instructions. Calibrations were performed at the end of each experiment, and
conditions of high [Ca?*]i were achieved by addition of 5 uM ionomycin, whereas conditions of
low [Ca?*]i were obtained by addition of 5 mM EGTA.

Electrophysiology. The conventional whole-cell voltage clamp configuration was performed in
single human MC cells at room temperature with a Warner PC-505B amplifier (Warner
Instrument Corp., Hamden, CT) and Clampex 9.2 (Axon Instrument, Foster City, CA). Glass
pipettes (plain, Fisher Scientific) with resistances of 3-5 MQ were prepared with a pipette puller
and polisher (PP-830 and MF-830, respectively, Narishige, Tokyo, Japan). When the whole-cell
configuration was achieved, cell capacitance and series resistance were immediately
compensated. The whole cell currents were continuously recorded at a holding potential of -80
mV until the end of each experiment (~10-15 min). Current traces were filtered at 1 kHz and

analyzed off-line with Clamfit 9.2 (Axon Instrument, Foster City, CA). The compositions of the
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pipette solution were (in mM): 140 Cs-aspartate, 6 MgCl,, 10 BAPTA, 10 EGTA, and 10
HEPES. IP; (10 uM) was included in the solution for depleting internal Ca®" stores (33; 44).
There were two type of bathing solutions: Ca?* solution and divalent free solution (DVF). The
compositions of Ca?* solution were (in mM): 130 NaCl, 5 KCI, 10 CaCl,, 1 MgClz, and 10
HEPES, and the compositions of DVF solution were (in mM): 150 NaCl, 10 Na;EDTA, and 10
HEPES.

Animals. The study protocol was approved by the University of North Texas Health Science
Center Institutional Animal Care and Use Committee. Two rat models of diabetes were used in
this study. 1) streptozotocin (STZ)-type | diabetes model: a total of 12 male Sprague-Dawley rats
at an age of 8 weeks were purchased from Harlan (Indianapolis, IN). Diabetes (7 rats) was
induced by intraperitoneal injection of STZ at 65 mg/kg body weight in sodium citrate buffer
(0.01 M, pH 4.5) as we described previously (26; 46). An equivalent amount of sodium citrate
buffer alone was used as a vehicle control (5 rats). Blood glucose levels were monitored 24 h
later and periodically thereafter (LifeScan One Touch glucometer, Johnson & Johnson, Milpitas,
CA) by rat-tailed blood sampling. STZ-injected rats with sustained elevation of blood glucose
above 300 mg/dl were designated as diabetic rats. Four STZ-injected diabetic rats were sacrificed
at 2 weeks after injection and the remaining 3 were sacrificed at 4 weeks after injection. 2) High
fat diet (HFD) plus STZ (HFD/STZ)-type Il diabetes model (11; 24; 65; 75): A total of 10 male
Sprague-Dawley rats at an age of 6 weeks were evenly and randomly distributed to two groups,
one group fed with low fat diet (LFD) which served as controls, and the other group fed with
HFD. In LFD, fat, protein, carbohydrates and ethanol represent 10%, 20%, 67% and 1.8% of the
total calories while in HFD, fat, protein, carbohydrates and ethanol represent 44%, 20%, 34%,

and 1% of the total calories (Research Diets, Brunswick, NJ). In the group of HFD, after 5 weeks
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of HFD, the rats were given STZ at 35 mg/kg via the tail vein. Fifteen weeks later when these
HFD/STZ rats manifested overt type Il diabetic phenotypes (Table 2), all LFD and HFD/STZ
rats were sacrificed for biochemical assays.

Isolation of renal cortex and glomeruli, and extracting cortical and glomerular proteins.
The protocol of isolating glomeruli was described in (57) with modifications. Briefly, rats were
euthanized and both kidneys were quickly removed. Renal cortex was separated from the other
region of kidney using a sharp blade and the cortical tissue was minced using two sharp blades.
For STZ-injected rats, glomeruli were isolated by differential sieving of minced renal cortex.
Finely chopped kidney cortex in Hank’s balanced salt solution (pH 7.4) was pressed through
sequentially smaller metal sieves and collected on a final sieve of 63-pum pore size (mini-Sieve
set, Scienceware, Pequannock, NJ). Glomeruli were pelleted by centrifugation at 500 g for 10
min at 4°C (Eppendorf, 5810R). We have previously shown that the purity of the glomerulus
preparation was ~99% (26). Both cortical tissues and glomeruli were sonicated in a lysis buffer
followed by centrifugation at 20817 g for 15 min at 4°C. The supernatants were collected for
Western blot.

Materials. Cyclopiazonic acid (CPA) was purchased from Alomone labs (Har Hotzvim Hi-Tech
Park, Jerusalem). GSK-7975A was kindly donated by GSK (Stevenage, UK). The rabbit
polyclonal anti-STIM1 antibody was purchased from ProteinTech (Chicago, IL). Orail antibody
was purchased from Abcam (for rat tissues) (Cambridge, MA) and Sigma (for HMCs) (Sigma,
ST. Louis, MO). All other chemicals and antibodies were purchased from Sigma-Aldrich
(Sigma, ST. Louis, MO) unless indicated in other places.

Statistical Analysis. Data were reported as means + SE. The one-way ANOVA plus Student-

Newman-Keuls post-hoc analysis and Student unpaired t-test were used to analyze the
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differences among multiple groups and between two groups, respectively. P<0.05 was
considered statistically significant. Statistical analysis was performed using SigmaStat (Jandel

Scientific, San Rafael, CA).

Results

SOCE in HMCs was enhanced by prolonged HG treatment

In HMCs cultured in NG and HG with different time periods, we measured fura-2 fluorescence-
indicated Ca?* entry response using a classical “Ca®* add-back” protocol described in our
previous publications (15; 16; 26; 27). CPA was used to activate SOCE. As shown in Figure 1, a
Ca?* entry response was observed upon re-addition of 2 mM Ca?* to a Ca?" free bathing solution
in both NG and HG cultured MCs. There was no difference in the CPA-induced SOCE between
NG and HG treatments for the time periods of 1 day and 3 days (Figure 1 A, B and E). However,
this Ca?* entry response was significantly greater in the cells with 7- and 14 day-HG treatments
compared to NG treatment for the same time periods (Figure 1 C-E). The augmented response to
7 day HG treatment was completely abolished by GSK-7975A, a selective SOC inhibitor which
directly acts on the pore region of SOC (2; 13; 25; 66), verifying the Ca?* entry being mediated
by SOC, i.e. SOCE (Figure 1D). Furthermore, in the absence of CPA, readdition of 2 mM Ca?*
also produced Ca?* entry in both NG and HG 7 day-treated HMCs (Figure 1F). However, the
tonic Ca?* entry responses were much weaker compared to the responses in the presence of CPA
(Figure 1 F &C) and did not have a significant difference between NG and HG treatments
(Figure 1G). These results suggest that a prolonged HG treatment enhanced SOCE, but did not

alter tonic Ca?* entry.
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SOC activity in HMCs was promoted by prolonged HG treatment

SOCE is mediated by SOC in the plasma membrane. Since chronic treatment with HG increased
SOCE in MCs, we would expect a stimulatory effect on SOC by HG. As expected, whole cell
patch clamp experiments showed that the store-operated Ca2?* currents were significantly
augmented by HG treatment for 7 days, but not for 1 day (Figure 2 A-E). Because SOC is more
conductive to monovalent cations over divalent cations (4; 5; 34; 62), we also measured DVF
currents in the cells with NG and HG treatments. As shown in Figure 2 A-D and F, the DVF
currents were much more robust compared to Ca?* currents, a characteristic of SOC. Consistent
with Ca?* current response, the DVF currents were significantly augmented by 7 day, but not 1
day HG treatment (Figure 2A-D and F). Both the Ca?* and DVF current responses to the
prolonged HG treatment were significantly inhibited by GSK-7975A (10 puM), but not by
DMSO, a vehicle control (Figure 2G). Furthermore, a low concentration of La* can selectively
block SOC (7; 8; 49; 77). We examined how much currents were reduced by La®* (2 uM) as an
indication of SOC activity in NG- and HG-treated MCs. As shown in Figure 2H, the La®'-
sensitive decrease in DVF current was significantly greater in MCs with 7 day-HG treatment
compared to NG treatment for the same time period. There was no significant difference in the
La®* response between NG and HG treatments for 1 day.

HG reduced receptor-operated Ca?* entry (ROCE) in HMC:s.

In addition to SOC, we and others have demonstrated that receptor operated Ca?* channel (ROC)
or canonical transient receptor potential channels (TRPC) also participate in Ca®* signaling in
MCs (16; 47; 58; 72). To be distinguished from SOC, ROC is defined as the channel activated by
G-protein coupled receptor signaling pathway through a mechanism bypassing the IPs-induced

internal Ca?* store depletion. It has been debated for ~20 years whether HG-impaired Ca?
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response in MCs was mediated by SOC or ROC (23; 26; 27; 52; 58; 71). To dissect SOCE from
receptor-operated Ca2* entry (ROCE) in response to HG treatment, we performed additional Ca?*
imaging study in which HMCs with NG or HG treatment for 7 days were incubated with CPA
(25 uM) for ~7 min to deplete the internal Ca®" stores (activation of SOC). As described above,
SOCE was estimated by the elevation of [Ca?*]i upon switching the bathing solution from Ca?*
free to 2 mM Ca?* solution. This was followed by addition of Ang II (1 uM) into the bathing
solution in the presence of CPA. Since the intracellular Ca?* stores had been depleted by CPA,
the additional increase in [Ca?*]i by Ang Il would be attributed to ROCE. As shown in Figure 3,
although SOCE was significantly greater in the MCs with 7 day HG treatment (consistent with
Figure 1), ROCE was significantly reduced. The contribution of ROCE to the additional
response by Ang Il was verified by an inhibitory effect of SKF96365 (an inhibitor of ROC) on
the response (Figure 3 C&D). This Ang Il-stimulated, SOCE independent Ca?" response was
also significantly attenuated by blocking voltage-gated Ca?* channels with diltiazem (31; 49)
(Figure 3 C&D). Activation of voltage-gated Ca?* channel has been proposed as one mechanism
for ROC-dependent Ca?* response because of membrane depolarization by Na* influx through
ROC (70; 83). In summary, these results are consistent with the notion that the Ang Il-induced
Ca?* entry after CPA treatment was mediated by ROC.

HG increased STIM1 protein expression in cultured HMCs

STIM1 has been demonstrated as a key component of SOCE by gating SOC (45; 67). Our
previous study has also shown that STIM1 was required for activation of SOCE in HMCs (73).
Since HG-promoted SOCE in MCs was a chronic effect (Figs. 1&2), we thought that an increase
in abundance of one or more key proteins in the SOCE pathway, such as STIM1, contributed to

the HG effect. Thereby, western blots were performed to determine HG effect on STIM1 protein
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expression in cultured HMCs. As shown in Figure 4, the expression level of STIM1 was
remarkably increased by HG treatment. In agreement with the results from functional studies
(Figs. 1 & 2), the HG effect on STIM1 expression was also a chronic process and a minimum of
7 days was required for a significant increase (Figure 4 A & C). We also examined STIM1
response to different concentrations of glucose and showed that a concentration of 10 mM was
sufficient to significantly increase STIML1 protein expression (Figure 4 B and D). Although there
was a trend of increase in STIML1 protein expression with increases in concentrations of glucose,
no significant difference in STIM1 expression levels was observed among different
concentrations of glucose in a range of 10 mM to 30 mM (Figure 4 B and D).

HG increased Orail protein expression in cultured HMCs

Orail is the pore-forming protein of SOC (12; 12; 80). To determine if HG-stimulated SOCE
involved upregulation of Orail protein expression, western blot was performed in cultured
HMCs. Orail protein was indicated by the two bands at sizes of ~37 kDa and ~43 kDa (Figure 5
A & B), which was verified by knockdown of Orail using SiRNA (Figure 5 E & F). Similar to
STIML1 response, HG significantly increased Orail protein level after ~7 day treatment (Figure 5
A & C) and a concentration of 10 mM was high enough to induce a significant increase (Figure 5
B & D).

To determine if Orail contributed to the enhanced SOCE, we examined the effect of knocking
down Orail using siRNA on the HG-enhanced Ca?" response. As shown in Figure 5G, HG
treatment for 7 days significantly increased SOCE and this enhanced response was abolished by

Orail-siRNA, but not by a scramble siRNA.
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Diabetes increased abundance of STIM1 and Orail proteins in glomeruli and renal cortex.
The in vitro effects of HG on expressions of the two key SOCE proteins in cultured MCs were
further examined in intact animals. Several rat models of diabetes were used to detect diabetic
effect on STIM1 and Orail protein expression in glomeruli/cortex, where MCs are located. In
STZ type | diabetic rats, the model we have used before (26), the amount of STIM1 protein was
dramatically increased in glomeruli from the rats with 4 weeks after STZ injection. Although the
glomerular STIM1 protein in the rats with 2 weeks of STZ showed a tendency to increase, this
response did not reach a significant level compared to non-diabetic control glomeruli (Figure 6 A
& B). The upregulation of STIML1 protein by diabetes was further verified in the renal cortex of
the rats with high fat diet followed by STZ treatment (Figure 6 C & D) which is a well
established non-genetic type Il diabetes model (11; 24; 65; 75). As shown in Table 2, these
HFD/STZ rats manifested overt type Il diabetic phenotypes characterized with albuminuria,
hyperlipidemia, hyperglycemia and hyperinsulinemia.

In agreement with the STIM1 response to diabetes, Orail protein expression was also increased
in the glomeruli from the rats with 4 weeks of STZ treatment and in the renal cortex of rats with
high fat diet followed by STZ injection (Figure 7).

MRNA expression level of STIM1, but not Orail was increased by HG in HMCs.

To determine whether the diabetes/HG-associated upregulation of STIM1 and Orail in MCs
occurred at the transcriptional or post-transcriptional level, we conducted quantitative real time
RT-PCR. Total RNA was isolated from MCs treated with 5.6 mM and 25 mM glucose for 1, 3,
and 6 days. As shown in Figure 8A, HG treatment for 6 days significantly increased the mRNA
expression level of STIM1. The HG effect was specific because STIM2, which is another

member of the STIM family and shares protein domain organization and biochemical features
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with STIML1 (85), did not change by HG treatment (Figure 8B). Different from STIM1 response,
Orail mRNA expression level did not increase at all by HG in a time range from 1 day to 6 day
treatment (Figure 8C). These data suggest that HG and hyperglycemia in diabetes increased
STIML1 protein expression by a positive regulation of STIM1 gene expression, but increased

Orail protein expression through a post-transcriptional mechanism.

Discussion

HG effect on SOCE in MCs has been debated over 20 years. In an earlier study by Mene, et al.,
arginine vasopressin-induced Ca?* influx was significantly reduced in rat MCs treated with HG
(30 mM) for 5 days (52). Because this vasoconstrictor can release Ca?* from the endoplasmic
reticulum via the classical Gg-coupled receptor pathway, the authors speculated that the impaired
Ca?* response was due to a suppressed SOCE. However, their further data showing that the HG
effect was mediated by protein kinase C, a mechanism bypassing the internal Ca?* store
depletion, contradicted with the SOCE mechanism. Several studies from other groups did not
support SOCE responsible for HG-induced impairment of Ca?* response (23; 58). For instance,
Nutt and O’Neil in a later study demonstrated that it was ROC, but not SOC that was responsible
for a reduced Ca?* response to endothelin 1 in rat MCs treated with HG for 5-7 days (58). Their
findings are consistent with our recent reports that HG reduced abundance of TRPCG6 (26; 27),
which is a well known ROC (14). The present study provided Ca?* imaging and
electrophysiological evidence that HG enhanced SOCE in HMCs. This conclusion was further
supported by biochemical data which showed a significant increase in the expression level of
STIM1 and Orail proteins, two key components of SOCE pathway (3; 32; 42; 45; 61; 63).

Importantly, there is a good time correlation between increases in the two protein expression and
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enhancement of SOCE in response to HG, suggesting a STIM1/Orail dependent mechanism for
HG-promoted SOCE in MCs.
Like in many other studies (23; 52; 53; 58), HG-induced impairment of Ca?* signaling in MCs is
a chronic process in a range from 2 days to 7 days. In our case, a significant increase in SOCE
and protein expression levels of STIM1/Orail occurred 7 days after HG treatment. The
prolonged response indicates multiple intracellular processes involved. Apparently, further
exploration of the intermediators linking HG with SOCE would be important for delineating the
molecular mechanisms for HG-promoted SOCE. Interestingly, our study suggests that the
mechanism for HG-induced STIM1 response is different from the mechanism mediating Orail
response. STIML1 response was apparently attributed to elevated transcriptional activity, as
indicated by a significant increase in mMRNA expression level by HG treatment. Although the
present study did not determine how HG activated STIM1 gene transcription, multiple
transcription factors, such as NF-xB and activated protein 1 (AP-1) which have been known to
play a critical role in the development of DN (6; 28; 30; 36; 56; 82), are speculated to be
downstream molecules of the HG signaling pathway. Particularly, NF-xB has been reported to
promote stim1 transcription by binding to its promoter region (17). Different from STIM1, Orail
response to HG may be through a post-transcription mechanism because HG treatment did not
change the steady state level of Orail mRNA. Although the exact underlying mechanism is
unknown from the present study, a ubiquitination and lysosomal degradation of Orail has been
reported recently (41).

The pathological relevance of HG-regulated STIM1/Orail protein expressions was
indicated by an increase in abundance of the two proteins in the renal glomeruli or cortex of both

type | and Il diabetic rats. While the pathogenesis of diabetes is different in type | and type Il
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diabetes, the natural history of DN is similar. Thus, it is not surprising that the STIM1/Orail
proteins had a consistent change in both type I and Il diabetic rats. MCs play a critical role in the
development of DN in both early and late stages of diabetes (37; 38; 40; 88). A question raised
from the ex vivo study is whether the increases in STIM1/Orail proteins were derived from MC
response. Although contributions from other cell types, such as podocytes, endothelial cells, and
tubular epithelial cells (in renal cortex), can’t be ruled out, MCs constitute one third of the
glomerular cell population (54) and thereby, the changes in STIM1/Orail protein expression in
MCs are expected to be detectable at the tissue levels. Another question from the animal
experiments is whether the increased STIM1/Orail proteins in diabetic kidneys were due to
hyperglycemia. Indeed, hyperglycemia is the main determinant of initiation and progression of
diabetic microvascular complications including nephropathy (29; 76). In vitro and in vivo studies
have demonstrated that HG or hyperglycemia directly stimulates MCs, which subsequently
results in mesangial dysfunction or malfunction (40; 51; 52; 58; 84). Combined with the data
from cultured MCs and the fact that all diabetic rats used in the present study were
hyperglycemic, we reason that the elevated cellular glucose level contributed, at least partially if
not fully, to the STIM1/Orail response.

In addition to kidney, a recent study reported that STIM1/Orail protein expression levels were
also upregulated in platelets isolated from patients with type 11 diabetes mellitus (86), suggesting
that diabetes may have a general effect on SOCE.

What is the physiological and pathological relevance of the enhancement of SOCE in diabetic
MCs? Ca?* signaling in MCs involves multiple Ca?* channels, each of which may have a
specified downstream pathway and thus, have distinct functional consequences (47). For

instance, our previous study demonstrated that among 4 subtypes of TRPC channels
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endogenously expressed in mesangial cells, HG/diabetes either did not alter (TRPCL1, 3, and 4) or
decreased (TRPC6) the abundance of TRPC proteins (26). The downregulation of TRPC6
impairs contractile function of MCs by attenuating agonist-stimulated Ca* response, which may
contribute to hyperfiltration at the early stage of diabetes (26). Different from TRPC channels
(likely function as ROC)-mediated Ca?* entry, SOCE is more related to sustained and chronic
changes in cell function, such as gene transcription, cell proliferation, and apoptosis (59).
Recently, SOCE was found to contribute to cardiac hypertrophy (35; 79) and STIM1-regulated
Ca?* homeostasis is crucial for smooth muscle cell proliferation, development, and growth
response to injury (50). In contrast, SOCE constraints tuberous sclerosis complex-related tumor
development in mice (60). Thus, the effect of SOCE on cell growth and protein synthesis may
depend on cell types and downstream signaling pathways. Although the importance of SOCE in
renal function and renal disease development has not been examined in the present study, it is
certainly noteworthy to address this issue in near future.

In summary, our findings from the present study imply that HG/diabetes enhanced SOCE in
MCs by increasing STIM1/Orail protein expressions. HG upregulates STIM1 by promoting its
transcription, but increases Orail protein through a post-transcriptional mechanism.
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Table 1. Primers used for real-time PCR

Gene Name Primer (5°-3’) GeneBank Accession
Number
STIM1 F: ACAGGGACTGTGCTGAAGATGACA NM_003156.2
R: ACCAGCATGAAGTCCTTGAGGTGA
STIM2 F: CAACACACACCACACTCCTT NM_001169117.1
R: GCCTCTTCCTCCTCTTCATTTC
Orail F: CAGAGCATGGAGGGAAGAGGATTT NM_032790.2
R: ACCTGGAGCTGGAAGAACAGGAAA
F: forward primer; R: reverse primer
Table 2. Diabetic parameters in LFD and HFD rats
Index LFD HFD
Albumin/creatinine ratio (ug:mg) 508 + 137 4522 + 697**
Blood glucose (mg/dl) 85+2 350 £ 15**
Body weight (g) 484 + 14 440 + 13
Urine output (ml/100 g BW/24 h) 14+0.1 36.9 + 2.7**
Serum insulin (ng/ml) 0.04 £0.01 0.84 £ 0.01**
Triglyceride (mg/dl) 61+7 333 + 31**
Cholesterol (mg/dl) 1054 289 * 64**

N=5 for each group. ** denotes P<0.01, HFD vs. LFD (student t-test).
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Figure 1. HG effect on SOCE in HMC:s.

Fura-2 fluorescence ratiometry was used to assess the intracellular Ca?* concentration ([Ca®']y).
MCs were initially bathed in physiological saline solution (containing 1 mM Ca2*). After [Ca®"]i
was stable (~2 min), 25 uM CPA was applied to the bath to deplete the internal Ca?* stores,
indicated by the first transient. When the CPA-induced initial Ca?* spike declined steadily, the
bathing solution was replaced with a Ca?* free solution in the presence of CPA, which was
followed by readdition of 2 mM Ca?* solution containing CPA. SOCE was estimated by the
increase in [Ca2*]i upon switching the bathing solution from Ca?* free to 2 mM Ca?* solution,
indicated by a dashed rectangle. A-D: Representative traces, showing CPA (25 pM)-evoked Ca?*
response in HMCs with NG and HG treatment for 1, 3, 7, and 14 days. [Ca®']g represents the
Ca2* concentration in the bathing solution. E: Summary data, showing time course effect of HG
on SOCE in HMCs. * denotes P< 0.05, compared to NG at the same time period; T denotes
P<0.05, compared to HG for 7 days. The numbers inside bars indicate the number of cells
analyzed in each group. GSK: GSK-A7975. F: Representative traces, showing Ca®* response to
readdition of Ca?*, in the absence of CPA, in HMCs with NG and HG treatment for 7 days. G:
Summary data from the experiments shown in Figure 1F. “n” indicates the number of cells

analyzed in each group.
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Figure 2. HG effect on SOC currents in HMCs

Whole cell currents in response to depletion of intracellular Ca?* stores in HMCs with NG and
HG treatment for 1 day and 7 days. The whole-cell current was recorded at a holding potential of
-80mV. A-D: representative traces. Arrows indicate the membrane breaking-in. The horizontal
bars indicate the type of the bathing solutions (Ca?* or DVF solution) and the time of application
of La®*". E-G: Store depletion-induced membrane currents in Ca®* solution (E) and DVF solution
(F), and blockade of the currents by GSK-7975A (10 uM) in HMCs with 7 day HG treatment
(G). The response was calculated by the difference between the basal membrane current (before
breaking-in) and the peak current after breaking-in. H shows the membrane currents reduced by
2 uM La*" in DVF solution. * indicates P < 0.05. The numbers under each bar represent the

number of cells analyzed in each group.
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Figure 3. HG effect on ROCE in HMCs.

Fura-2 fluorescence ratiometry, showing SOCE and ROCE in HMCs with NG or HG treatment
for 7 days. MCs were treated with 25 uM CPA for ~7 min to deplete the internal Ca* stores.
SOCE was estimated by the elevation of [Ca?*]i upon switching the bathing solution from Ca?*
free to 2 mM Ca?* solution in the presence of CPA. ROCE was defined as the additional increase
in [Ca%**]i by adding Ang II (1 uM) in the presence of CPA. A-C: Representative traces, recorded
~4 min after CPA application. [Ca?']s represents the Ca?* concentration in the bathing solution.
Application of Ang Il with and without diltiazem (Dil) or SKF96365 (SKF) is indicated by an
arrow in graph. Traces were smoothed using the Sigmaplot software (version 11.0). D:
Summary data averaged from groups of NG with Ang Il treatment (n=29), HG with Ang Il
treatment (n=18), NG with Ang II+Dil treatment (n=16), and NG with Ang+SKF treatment
(n=15). * denotes P< 0.05, compared to SOCE in NG group; T denotes P<0.01, compared to

ROCE in NG group.
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Figure 4. HG effect on STIM1 protein expression in HMCs.

A: HMCs were cultured in 0.5% FBS NG media for 3 days or in 0.5% FBS HG media for
different time periods. B: HMCs were cultured in 0.5% FBS media with different concentration
of D-glucose for 7 days. Appropriate concentrations of a-Mannitol were used as the osmotic
control. C and D: Summary data showing the time course and dose dependent of HG effect on
STIML1 protein expression. In C, ** indicates P<0.01 and * indicates P<0.05, NG vs. HG for the
same time period. “n” indicates the number of independent western blot. In D, * indicates P<

0.05, vs. 5.6 mM glucose.
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Figure 5. HG effect on Orail protein expression in HMCs.

A: HMCs were cultured in 0.5% FBS NG or HG media for different time periods. B: HMCs
were cultured in 0.5% FBS media with different concentrations of D-glucose for 7 days.
Appropriate concentrations of a-Mannitol were used as the osmotic control. In both A and B,
orail is shown as two bands, a lower band at ~35 kDa and a upper band at ~42 kDa. Actin was
used as a loading control. C and D: Summary data from experiments presented in A and B,
respectively. In C, * indicates P<0.05, NG vs. HG for the same time period. “n” indicates the
number of independent western blot. In D, * indicates P< 0.05, vs. 5.6 mM glucose. E: Orail
protein expression in HMCs with and without transfection of siRNA against human Orail
(Orail-siRNA) or scramble siRNA (Scramble). UT: untransfected MCs; L: a protein ladder.
Actin was used as a loading control. F: Summary data from experiments presented in E. “n”
indicates the number of independent experiments. T denotes P<0.05, compared to both groups of
Scramble and Orail-siRNA. G: Fura-2 fluorescence ratiometry, showing SOCE in HMCs with
NG or HG treatment for 7 days with transfection of scramble siRNA or Orail-siRNA.
Transfections were conducted on day 4 of HG treatment and the Ca?* imaging experiments were
performed 3 days of continuous HG treatment after transfection. * denotes P<0.05, compared to
NG, and t denotes P<0.05, compared to both groups of HG and HG + Scramble. n indicates the

number of cells analyzed in each group.
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Figure 6. Effect of diabetes on STIM1 protein expression in rat kidney.

Western blot, showing STIM1 protein expression in extracts of glomeruli freshly isolated from
rats with 2 weeks and 4 weeks after STZ injection (STZ-2W and STZ-4W, respectively) and
with 4 weeks after vehicle injection (control) (A & B), and of renal cortex of LFD and HFD rats
(C & D). In A and C, actin was used as a loading control. B and D are summary data from the
experiments presented in A and C, respectively. * indicates P<0.05, compared to control in B

and LFD in D.
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Figure 7. Effect of diabetes on Orail protein expression in rat kidney.

Western blot, showing Orail protein expression in extracts of glomeruli freshly isolated from
rats with 4 weeks after STZ injection (STZ-4W) and with 4 weeks after vehicle injection
(control) (A & B) and of renal cortex of LFD and HFD rats (C & D). In A and C, B-integrin and
Tubulin were used as loading controls, respectively. B and D are summary data from the
experiments presented in A and C, respectively. ** indicates P<0.01, compared to control in B

and LFD in D.
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Figure 7.
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Figure 8. Quantitative real time RT-PCR, showing HG effect on STIM1, STIMZ2, and Orail

MRNA expressions in HMCs.

HMCs were cultured in 0.5% FBS NG or HG media for different days. “D” indicates days of

treatment. “*” in A denotes P<0.05, HG vs. NG for 6 D treatment.
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Abbreviations

Ang II: angiotensin 11

CPA: cyclopiazonic acid

ER: endoplasmic reticulum

HFD: high fat diet

HG: high glucose

HMCs: human mesangial cells
LFD: low fat diet

MCs: mesangial cells

NF-xB: nuclear factor-«B

ROC: receptor operated channels
ROCE: receptor operated Ca?* entry
SOC: store-operated channels
SOCE: store operated calcium entry
STZ: streptozotocin

TRPC: canonical transient receptor potential channels
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Abstract

Accumulation of extracellular matrix derived from glomerular mesangial cells (MCs) is an early
feature of diabetic nephropathy. Ca?* signals mediated by store-operated Ca?* channel (SOC) can
regulate protein production in a variety of cell types. The aim of the present study is to determine
the effect of SOC in MCs on extracellular matrix protein expression using both in vitro and in
vivo settings. In cultured human MCs (HMCs), activation of SOC by thapsigargin significantly
decreased fibronectin protein expression, but inhibition of SOC by 2-APB significantly increased
both fibronectin and collagen IV expressions. Knockdown of calcium release—activated calcium
channel protein 1 (Orail) increased fibronectin protein expression. Moreover, thapsigargin
abrogated high glucose-induced fibronectin and collagen IV expressions. Consistent with the in
vitro findings, in vivo knockdown of Orail, the pore-forming unit of SOC, specifically in MCs of
mice using a targeted nanoparticle SiRNA delivery system resulted in an increase in glomerular
fibronectin and collagen 1V expressions. Consistently, the mice treated with nanoparticles
carrying siRNA against Orail showed significant mesangial expansion. These results suggest
that SOC in MCs negatively regulates extracellular matrix protein expression in kidney, which

may serve as an endogenous renoprotective mechanism in diabetes.

Keywords: extracellular matrix, mesangial cells, SOC, Orail
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Introduction

Diabetic nephropathy (DN) is the most common cause of the end stage renal disease (1,2). One
of early features of DN includes accumulation of extracellular matrix (ECM) proteins in
glomerular mesangium (3,4). This pathological change in glomerulus may, with time, progress to
glomerulosclerosis and ultimately to irreversible end stage renal disease (5,6). Over production
of ECM, including fibronectin and collagen IV (Col IV) by glomerular mesangial cells (MCs)
and deposition of these proteins to mesangium is an important contributor to mesangial
expansion in the early stage of DN (7-9). Therefore, suppression of ECM production in MCs
may be a therapeutic option to protect kidney from diabetic damages.

Mesangial cells sit between glomerular capillary loops and maintain the structural architecture of
the capillary networks. These cells play important roles in mesangial matrix homeostasis,
regulation of glomerular filtration rate and phagocytosis of apoptotic cells in the glomerulus
(7,10,11). MC dysfunction is closely associated with several kidney diseases, including DN
(12,13). Like many other cell types, MC function is controlled by intracellular Ca?* signals
(11,14). In this regard, store-operated Ca?* channel (SOC) plays a pivotal role in many
physiological processes in MCs (14). SOC is activated upon depletion of the endoplasmic
reticulum (ER) in response to activation of G protein coupled receptors (15). Two proteins,
STIM1 (16,17) and Orail (18-20), have been identified as required components of the SOC
pathway. STIM1 is located in the ER membrane and functions as an ER Ca?* sensor, while Orail
is located in the plasma membrane and functions as a Ca?* channel (21,22). Over past decades,
we and others have demonstrated that SOC mediates MC Ca?" responses to a variety of
circulating and locally produced hormones, such as angiotensin Il (Ang Il) (23-27). We have also

demonstrated that STIM1 was required for activation of SOC in MCs (28). Recently, we found
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that store operated calcium entry (SOCE) was enhanced in human MCs (HMCs) with prolonged
high glucose treatment (29). Consistently, abundance of both STIM1 and Orail proteins was
significantly increased in MCs with chronic high glucose treatment, and in the glomerulus/renal
cortex of rats with diabetes (29). However, the role of SOC in MCs in the development of DN is
completely unknown. In the present study, we used both in vitro and in vivo systems and tested a

hypothesis that SOC in MCs regulated ECM protein expression.

Materials and Methods

Animals. All procedures were approved by University of North Texas Health Science Center
(UNTHSC) Institutional Animal Care and Use Committee. A total of 10 male C57BL/6 mice
were used in this study. All mice were between 2 and 4 months of age. Mice were purchased
from Charles River (Wilmington, MA). All animals were maintained at the animal facility of
UNTHSC under local and National Institutes of Health guidelines.

In vivo delivery of nanoparticles into the kidney of mice. The targeted NP-delivery system
was used to deliver siRNA against Orail to the kidney of mice. Mice were randomly divided into
control and Orail-knocked down groups (3 mice each group). The mice in Orail-knocked down
group were given NPs containing Cy3-tagged siRNA against mouse Orail (NP-Cy3-siOrail) via
tail vein injection at a dose of 10mg/kg siRNA in ~100 pl injection volume. The mice in control
group were only given NPs (NP-Con) through the same route in the same injection volume. Mice
on both groups received the iv injection on day 1 and 3 of experiment, and were euthanized on
day 5 for kidney harvesting.

SIRNA-CDP-NP formulation. siRNA NPs were formed by using cyclodextrin-containing

polycations (CDP) and adamantine-polyethylene glycol (AD-PEG) as previously described (pre-
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complexation) (80). NPs were formed in 5 % glucose in deionized water (D5W) at a charge ratio
of 3 +/- and a siRNA concentration of 2 mg/ml. The Cy3 labeled siRNA oligos targeting mouse
Orail were purchased from Integrated DNA Technologies, Inc. (Chicago, IL). The sense strand
sequence is 5'-/5Cy3/GGGUUGCUCAUCGUCUUUAGUGC-3'.

Immunohistochemistry. Mice were euthanized by intraperitoneal injection of pentobarbital
(100 mg/kg body weight) at indicated time points. After washing out blood with phosphate
buffer saline (PBS), the left kidneys were removed and fixed in 4 % paraformaldehyde in PBS
overnight. Formalin-fixed organs were dehydrated and embedded in molten paraffin to generate
sections of 4-um in thickness (Cryostat 2800 Frigocut-E, Leica Instruments). Anti-OX 7 mouse
monoclonal antibody at 1:100 and Alexa Fluor 488 (for mice) or 568 (for rats) goat anti-mouse
IgG (Invitrogen, Grand Island, NY) at 1:200 were used to label glomerular MCs. Sections were
examined using an Olympus microscope (BX41) equipped for epifluorescence and an Olympus
DP70 digital camera with DP manager software (version 2.2.1). Images were converted to 16-bit
format and uniformly adjusted for brightness and contrast using Image J (version 1.47, NIH).
Semi-quantification of colocalizations of NP-Cy3-siOrail with MC marker or podocyte marker
(Figure 5D) was examined using BioimageXD software.

Assessment of mesangial area. Four-um paraffin-embedded kidney sections were stained with
Periodic Acid-Schiff (PAS) (Sigma-Aldrich, St. Louis, MO). Images were captured using an
Olympus DP70 digital camera with DP manager software (version 2.2.1) and traced using Image
J software (v. 1.47, NIH). Mesangial area was defined as PAS-positive and nuclei-free area in
the mesangium, and expressed as a ratio to a total glomerular area.

Extraction of renal cortical proteins. Right kidneys were removed from mice immediately

after euthanization. Renal cortex was separated from the other region of kidney using a sharp
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blade and the cortical tissue was minced using two sharp blades. The cortical tissues were
sonicated in a lysis buffer followed by centrifugation at 20817 g for 15 min at 4°C. The
supernatants were collected for immunoblots.

Cell culture and transfection. HMCs were purchased from Lonza (Walkersville, MD). Cells
were cultured in DMEM medium (Gibco, Carlsbad, CA) supplemented with 25 mM HEPES, 4
mM glutamine, 1.0 mM sodium pyruvate, 0.1 mM nonessential amino acids, 100 U/ml
penicillin, 100 pg/ml streptomycin and 20% FBS. Cells less than 10 generations were used in the
present study.

All transfections in the present study were transient transfection using LipofectAmine and Plus
reagent (Invitrogen-BRL, Carlsbad, CA) following the protocols provided by the manufacturer.
Experiments were conducted ~48 hours after transfection.

Immunoblots. Whole cell lysates or renal cortical extracts were fractionated by 10% SDS-
PAGE, transferred to PVDF membranes, and probed with primary fibronectin, Col IV, B-actin,
a-tubulin, STIM1, and Orail antibodies. Bound antibodies were visualized with Super Signal
West Pico or Femto Luminol/Enhancer Solution (Thermo Scientific, Rockford, IL). The specific
protein bands were visualized and captured using an AlphaEase FC Imaging System (Alpha
Innotech, San Leandro, CA). The Integrated Density Value (IDV) of each band was measured by
drawing a rectangle outlining the band using AlphaEase FC software with auto background
subtraction. The expression levels of targeted proteins were quantified by normalization of the
IDVs of those protein bands to that of actin or tubulin band on the same blot.

Materials. Thapsigargin (TG), 2-aminoethyl diphenylborinate (2-APB), rabbit polyclonal anti-
fibronectin and a-tubulin antibodies, methanol, and DMSO were purchased from Sigma-Aldrich

(Sigma, ST. Louis, MO). GSK-7975A was kindly donated by GlaxoSmithKline (Brentford, UK).
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Anti-Orail and anti-CD90/Thyl (MRC OX-7) antibodies were purchased from Abcam
(Cambridge, MA). Mouse monoclonal anti-Col IV antibody was purchased from Meridian Life
Science, Inc. (Memphis, TN).

Statistical Analysis Data were reported as means + SE. The one-way ANOVA plus Student-
Newman-Keuls post-hoc analysis and Student unpaired t-test were used to analyze the
differences among multiple groups and between two groups, respectively, unless indicated in
individual figure legends. P<0.05 was considered statistically significant. Statistical analysis was

performed using SigmasStat (Jandel Scientific, San Rafael, CA).

Results

SOC suppressed ECM protein expression in HMCs.

Treatment of cultured HMCs with 1 uM TG, a classical and widely used activator of SOC (15),
for 2 days significantly reduced fibronectin protein content (Figure 1 A&D). This inhibitory
effect was abolished by GSK-7975A, a selective SOC inhibitor (30-33). Consistently, inhibition
of SOC with 50 uM 2-APB, but not its vehicle control (methanol) significantly increased
fibronectin protein expression (Figure 1 B&E). The 2-APB response was also observed for Col
IV, another matrix protein (Figure 1 C&F). These data suggest that SOC negatively regulates

ECM protein expression in MCs.

Knockdown of Orail increased fibronectin expression in HMCs.
Knocking down of orail the pore forming unit of SOC, using previously characterized synthetic
SIRNA (29) significantly increased fibronectin content (Figure 2, A and B) This data further

support an inhibitory effect of SOC on ECM protein expression.
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Activation of SOC inhibited high glucose-induced ECM protein content in MCs.

High glucose is a pathogenic stimulator for ECM expression during the progress of DN (5,9,30-
33). We examined if activation of SOC could inhibit high glucose-induced fibrotic response. As
shown in Figure 3, high glucose significantly increased content of both fibronectin and Col IV
proteins. The high glucose responses were significantly abolished by TG, but not by its vehicle.
Furthermore, TG treatment reduced fibronectin and Col IV contents to a level lower than that in
untreated-MCs (NG in Figure 3) even though it did not attain statistical significance. These data

suggest a beneficial role of SOC in diabetic kidney.

In vivo knock down of Orail in MCs increased ECM protein expression in renal cortex and
glomerulus, and induced mesangial expansion in mice.

Orail is the pore-forming unit of SOC (21,22). Our recent study demonstrated that knocking
down Orail using siRNA nearly eliminated SOC-mediated Ca?* influx in cultured MCs (29). We
speculated that we could inhibit SOC function in MCs in vivo by delivery of siRNAs against
Orail to intact animals. We have previously shown specific delivery of ~75 nm PEGylated gold
nanoparticles (NP) into MCs in mouse kidney (34). We have also previously demonstrated that
~75 nm cyclodextrin-containing NP carrying siRNA (siRNA-CDP-NPs) accumulate in the
glomerulus (35) and that these SiRNA-CDP-NPs can be used for the selective delivery of
functional siRNA to mouse MC in vivo (36). In the present study, we formulated the SiRNA-
CDP-NPs with Cy3-tagged siRNA against mouse Orail (NP-Cy3-siOrail) and injected these
SIRNA-CDP-NPs into mice via the tail vein. Consistent with our previous reports (34), the

SIRNA-CDP-NP complexes were accumulated in glomeruli with scarce distribution in other
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regions (Figure 4A). Immunoblot of renal cortex extracts verified the efficiency of knocking
down Orail (Figure 4B). To confirm delivery of siRNA-CDP-NPs to the MCs, we counter-
stained kidney sections from mice that received Cy3-siRNA containing NP with the MC marker
thymic antigen 1 (Thyl) using the OX-7 antibody and with podocyte marker synaptopodin
protein using anti-synaptopodin antibody. We found persistent Cy3-siRNA fluorescent signal
after administration of the sSiRNA-CDP-NPs that highly co-localized with the OX-7, but not with
synaptopodin antibody staining (Figure 4C). Semi-quantitative co-localization analysis revealed
85% OX-7 staining co-localization with Cy3-fluorescence and 90% co-localization of Cy3-
SIRNA fluorescence with OX-7 staining (Figure 4D). However, both values of co-localization of
Cy3-siRNA fluorescence with synaptopodin staining were minimal (Figure 4D). These data
show that SIRNA-CDP-NPs were predominantly deposited in glomerular MCs.

We conducted biochemical, immunohistochemical and histological examinations to assess the
changes in glomerular ECM protein expression and mesangial expansion in the mice with and
without knockdown of Orail. As expected, abundance of fibronectin protein in renal cortex was
significantly increased in the mice treated with sSiRNA-CDP-NPs carrying Cy3-siOrail (Figure
5A&B). Consistently, further immunohistochemical examinations showed remarkable increases
in both fibronectin and Col 1V staining in the glomeruli of mice receiving sSiRNA-CDP-NPs
(Figure 5 C&D). In agreement with those changes, the mice treated with SIRNA-CDP-NPs
carrying Cy3-siOrail showed significant expansion of mesangium (Figure 5 E&F). In summary,
the use of SIRNA-CDP-NP delivery in mice provided in vivo evidence that inhibition of SOC in

MCs increased glomerular ECM protein expression and induced mesangial expansion.
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Discussion

Diabetes is the leading cause of end-stage renal disease (ESRD) world-wide. The early changes
in the diabetic kidney include accumulation of ECM proteins in glomerulus, which ultimately
progresses to glomerulosclerosis and irreversible ESRD. There is no curative therapy currently
available for DN. Despite the increased use of antihypertensive medications and renin-
angiotensin system (RAS) inhibitors in the patients with DN, the improvement of renal function
is slight (37). Therefore, new therapeutic approaches are needed. The present study provides in
vitro and in vivo evidence that SOC in MCs inhibits glomerular matrix protein expression. This
inhibitory effect of SOC could play a role under resting state and stress because in vivo knock
down of Orail in MCs in normal animals resulted in mesangial expansion (Figures 5 E&F), and
activation of SOC prevented high glucose-induced ECM protein expression (Figure 3). Thus,
SOC in MCs is a protective mechanism in diabetic kidneys. Theoretically, selective enhancement
of the renoprotective SOC function, and any component in its signaling pathway, would be
expected to ameliorate renal damage in diabetes and limit the development of DN.

Interestingly, our previous study demonstrated that the abundance of STIM1/Orail proteins
(essential components of SOC pathway) was increased in glomerulus by diabetes and in MCs by
high glucose (29). This paradoxical phenomenon suggests that in addition to well-known
deleterious processes, diabetes simultaneously activates a beneficial SOC pathway in MCs as a
compensatory mechanism to counteract detrimental pathways generated in diabetic kidneys.
Store operated channel function is distinct in different tissues and cell types (15,38). In general,
the SOC-associated signaling pathway promotes protein synthesis and cell growth (15), for
instance, contributing to cardiac hypertrophy (39,40). However, a recent study revealed that the

SOC-mediated Ca?* influx suppressed cell growth in mouse embryonic fibroblasts and rat uterine
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leiomyoma cells through inhibition of AKT1 (41). Thus, the effect of SOC on protein production
might be cell type specific and/or cell context dependent. Our data suggest that SOC-mediated
Ca?* signaling in glomerular MCs negatively regulates ECM protein expression. A similar
example is the regulation of protein secretion by Ca?* in juxtaglomerular (JG) cells. Like MCs,
JG cells are modified smooth muscle cells that synthesize, store, and release renin into the blood
stream for initiating the RAS system. Usually, Ca?* signal through SOC stimulates protein
secretion in granular cells (15). In contrast, activation of SOC in JG cells inhibits renin secretion
(42). 1t is possible that in MCs, the intermediators that regulate ECM protein expression may be
functionally linked or be physically adjacent to SOC. Thus, the local Ca?* signals delimited to
the SOC-associated Ca®" microdomains can be sensed by these molecules and subsequently
inhibit ECM protein expression.

The mechanism for SOC inhibiting ECM protein expression in MCs is not elucidated in the
present study. Accumulation of ECM in DN involves many molecules and multiple pathways,
such as Ang Il (43-45) reactive oxygen species (3,9,46), the mitogen-activated protein kinase
(3,33,47), protein kinase C (3,33,48), and the TGF-B/Smad pathway (3,4,33,49-52). It is possible
that the SOC-mediated Ca?* signals modulate one or more of those pathways leading to
suppression of ECM expression.

Here, we used the siRNA-CDP-NP delivery system to introduce RNAI sequences into MCs in
mice. This approach is built on the anatomical properties of glomerular capillary. The glomerular
capillary walls have 70-100 nm diameter endothelial fenestrations. The surrounding glomerular
basement membrane generates a size-selective barrier with a pore size of 4 nm. MCs directly
adjoin the endothelium without intervening the basement membrane (7,53). Thus, particles in a

size of 4-100 nm can permeate through the fenestrated glomerular capillary wall and yet be

105



restricted in passing through the glomerular basement membrane, and therefore come into the
mesangial region under a high transmural pressure gradient. Shimizu, et al. (53) have
successfully delivered nanocarriers containing siRNA in the 10-20 nm-size range to MCs in
animals. We employed similar approach using ~75 nm siRNA-CDP-NPs that have been
demonstrated to accumulate within the glomeruli of mice (35). In agreement with those studies,
the sSiRNA-CDP-NPs in the present study were predominantly localized in MCs with very
limited distribution in extraglomerular region and glomerular podocytes (Figure 5 A&C). Both
mouse and HMCs could rapidly internalize the sSiRNA-NPs in vitro (data not shown). Therefore,
the decrease in Orail protein expression in renal cortex (Figure 5B) was most likely due to
knockdown of Orail in MCs. We further reason that the increases in fibronectin and Col IV
expression in renal cortex and glomerulus, and glomerular mesangial expansion (Figure 5 E and
F) were attributed to reduced Orail protein (i.e. inhibition of SOC) in MCs.

In summary, the present study strongly suggests a beneficial effect of SOC in MCs by inhibiting
ECM protein expression, which may protect kidney from diabetic injury at early stage of DN.
Thus, SOC could be a promising therapeutic option to limit progress of DN. Furthermore, MCs
do not have a cell type specific promoter, and thereby it is impossible to genetically manipulate a
MC-specific gene expression. We have shown in this study that the nanocarriers of a particular
size can be used as MC-specific siRNA delivery systems by systemic injection. Since the
SIRNA-CDP-NPs system has been used as a research tool as well as a human therapeutic (34, 53-
55) and MC injury is associated with many renal diseases (7,10), systemic administration of a
MC-selective siRNA-CDP-NPs targeting a particular protein may have a potential for the

treatment of renal diseases.
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Figure 1. Effect of SOC on ECM protein expression in cultured HMCs.

A-C: Representative immunoblots, showing activation of SOC on fibronectin (FN) (A),
inhibition of SOC on FN (B), and inhibition of SOC on Collagen 1V (Col 1V) (C) expressions.
UT: untreated cells; TG: thapsigargin (1 pM); GSK: GSK-7975A (10 uM); Meth: methanol,
vehicle control for 2-APB (50 uM); TB: tubulin. Both actin and Tubulin (TB) were used as a
loading control. Serum starved cells (in 0.5% FBS) were with or without treatments for 2 days
before harvested. D, E, and F: Summary data, corresponding to experiments presented in A, B,
and C. * denotes P<0.05, compared to other two groups. “n” indicates the number of independent

experiments.
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Figure 2. Effect of knockdown of Orail on fibronectin (FN) expression in HMCs.

A: Representative immunoblot, showing FN expression in HMCs without transfection (UTran)
and the cells transfected with Scramble and OrailsiRNA (50 nM) Tubulin was used as a loading
control. B: Summary data from the experiments presented in A, showing FN (B) expression
levels in MCs with different treatments by normalized to tubulin. * denotes P<0.05, compared to

all other groups. “n” indicates the number of independent experiments.
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Figure 3. Effect of SOC on HG-stimulated ECM protein content in HMCs.

A and B: Representative immunoblots, showing FN (A) and Col IV (B) expression in MCs
cultured in NG (5.6 mM glucose + 20 mM mannitol) or in HG (25 mM glucose) in the absence
or presence of DMSO (1:1000, vehicle control) and TG (1 uM). Tubulin (TB) was used as a
loading control. MCs were with and without various treatments for 2 (A) or 3 (B) days in 0.5%
FBS medium. C and D: Summary data from the experiments presented in A and B, respectively.
FN and Col IV expression levels were normalized to tubulin. * denotes P<0.05, compared to NG
group and T denotes P<0.05, compared to both HG and HG+DMSO groups. “n” indicates the

number of independent experiments.
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Figure 4. Distribution of NP-Cy3-siOrail in mouse kidney.

A: Representative images from 3 mice, showing localization of NP-Cy3-siOrail (red) in
glomeruli (indicated by arrows), but not in tubules. Original magnification: 200X. B:
Representative immunoblot of renal cortex extracts from 3 independent experiments, showing
Orail expression in the mouse with injection of NP control (NP-Con) and NP-Cy3-siOrail.
Although the predicted size of Orail is ~33 kDa, the antibody actually detects a band at ~50 kDa.
Tubulin: loading control. L: protein ladder. C: Localization of NP-Cy3-siOrail in MCs (upper
panels) and podocytes (POD) (bottom panels), representative from 3 mice. MCs were stained
with OX-7 (green) and podocytes were stained with synaptopodin (green). NP-Cy3-siOrail was
shown as red signals. Original magnification: 200X. D: Semiquantification of the co-
localizations of MC and podocyte markers with NP-Cy3-simOrail shown in “C” using

BioimageXD software.
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Figure 5. Effect of in vivo knockdown of Orail in MCs on ECM protein expression in mice.
A and B: Immunoblot of renal cortex extracts, showing expressions of FN protein in the cortex
of kidney from the mouse treated with control NP (NP-Con) and NP-Cy3-siOrail (knockdown of
Orail). TB: a-tubulin, a loading control. A: Representative blot. B: summary data. * denotes
P<0.05, compared to NP-Con. “n” indicates the number of independent experiments. C and D:
Immunohistochemistry, showing expressions of FN (C) and Col IV (D) in the glomeruli of the
mouse treated with control NP (NP-Con) and NP-Cys-siOrail (knockdown of Orail). Both FN
and Col IV are shown as green staining. In NP-Con, a bright field image was captured to show
the glomerulus. In NP-Cy3-siOrail, the distribution of NP-Cy3-siOrail is indicated by Cy3
signals (red). Arrows indicate glomerulus. Original magnification: 200X. E: Representative PAS
staining, showing mesangial matrix expansion in the glomerulus from the mouse treated with
NP-siRNA-Orail. Original magnification: 200X. F: Summary data from 50 glomeruli (n=50)

from 5-7 sections/kidney/mouse of 3 mice. * denotes P<0.05.
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Abbreviations

Ang II: angiotensin 11

DN: Diabetic nephropathy

ECM: extracellular matrix

ER: endoplasmic reticulum

ESRD: end stage renal disease

HMCs: human mesangial cells

MCs: mesangial cells

SOC: store-operated channels

SOCE: store-operated Ca?" entry

Col IV: collagen IV

NP-Cy3-siOrail: nanoparticles containing Cy3-tagged siRNA against mouse Orail
CDP: cyclodextrin-containing polycations
AD-PEG: adamantine-polyethylene glycol
PAS: Periodic Acid-Schiff

TG: Thapsigargin

2-APB: 2-aminoethyl diphenylborinate
NP: nanoparticles

SIRNA-CDP-NPs: cyclodextrin-containing nanoparticle carrying siRNA
Thy1: thymic antigen 1

RAS: rennin-angiotensin system

JG: juxtaglomerular
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Abstract

Our previous study demonstrated that the abundance of extracellular matrix (ECM) proteins was
suppressed by store-operated calcium entry (SOCE) in mesangial cells (MCs). The present study
was conducted to investigate the underlying mechanism focused on the transforming growth
factor beta 1 (TGFB1) - Smad3 pathway, a critical pathway for ECM expansion in diabetic
kidneys. We hypothesized that SOCE suppressed ECM protein expression by inhibiting this
pathway in MCs. In cultured human MCs (HMCs), we observed that TGFB1 (5 ng/ml for 15
hours) significantly increased Smad3 phosphorylation (p-Smad3) as evaluated by immunoblot.
However, this response was markedly inhibited by thapsigargin (TG) (1 uM), a classical
activator of store-operated Ca?* channel (SOC). Consistently, immunocytochemistry and
immunoblot showed that TGFB1 significantly increased nuclear translocation of Smad3 in a
manner prevented by pre-treatment with TG. Importantly, the TG effect was reversed by
Lanthanum (La**) (5 pM) and GSK-7975A (10 uM), both of which are selective blockers of
SOC. Furthermore, knockdown of Orail, a SOC channel protein, significantly augmented
TGFB1-induced Smad3 phosphorylation. Overexpression of Orail augmented the inhibitory
effect of TG on TGFB1-induced phosphorylation of Smad3. In vivo knockdown of Orail specific
to MCs in mice using a targeted nanoparticle sSiRNA delivery system resulted in an increase in
glomerular Smad3 phosphorylation and nuclear translocation in mice. Taken together, our results
indicate that SOCE in MCs negatively regulates the TGFf1-Smad3 signaling pathway. Because
the TGFB1-Smad3 pathway is a critical pro-fibrotic pathway, enhancing SOCE specifically in

MCs, may be a therapeutic option for patients with glomerular fibrosis.

Keywords: mesangial cells, ECM, SOCE, Orail, TGFB1, Smad3
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Introduction

Progressive accumulation of extracellular matrix (ECM) proteins in the glomerulus is one of the
consistent pathological changes initiated at an early stage in kidney diseases such as diabetic
nephropathy (DN) (1,2). The magnitude of matrix accumulation in both the glomeruli and the
interstitium is intensely and independently associated with the degree of renal insufficiency and
proteinuria in these patients (3,4). Over extended period of time, this ECM accumulation and its
dysregulated remodeling contributes to irreversible fibrotic changes that lead to chronic kidney
disease and ultimately kidney failure in the form of end stage renal disease (5-8). Glomerular
mesangial cells (MCs) which are a major source of ECM proteins are also an important target of
metabolic abnormalities in diabetic environment (9,10). Since ECM expansion in the mesangium
is one early feature of DN (1,11), it is justifiable to study the mechanisms that alter ECM
dynamics in MCs.

Store operated Ca?* entry (SOCE), which regulates many physiological and pathological
functions in variety of cells, is an important Ca?* signaling pathway in MCs (12-14). In our
previous study, we demonstrated a negative effect of SOCE on the content of ECM proteins like
fibronectin and collagen-1V in MCs (15), suggesting an anti-fibrotic effect of SOCE in MCs.
However, the mechanism underlying the inhibitory effect of SOCE on ECM protein expression
in not known. Transforming growth factor betal (TGFB1), a multifunctional cytokine, plays a
critical role in ECM protein dynamics (16-19). It exerts its potent fibrotic effect intracellularly
via receptor operated Smad (R-Smad) proteins particularly Smad3 (20-25). Activation of Smad3
by TGFpB1 through phosphorylation and subsequent translocation into the nucleus, regulates the

transcription of target genes including those of ECM proteins (22,26-28). In this study, we
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investigated if the ability of SOCE to suppress both fibronectin and collagen-1V is mediated by

the inhibition of the TGFB1-Smad3 pathway.

Material and Methods

Mesangial Cell culture. Human MCs (HMCs) belong to the Clonetics renal MC system and
were purchased from Lonza (Catalogue no:CC2559, Walkersville, MD). HMCs in a 75-cm? flask
were cultured in normal glucose (5.6 mM; NG) DMEM (GIBCO, Carlsbad, CA) supplemented
with 25 mM HEPES, 4 mM glutamine, 1.0 mM sodium pyruvate, 0.1 mM nonessential
aminoacids, 100 U/ml penicillin, 100 pg/ml streptomycin, and 20% fetal bovine serum (FBS).
When HMCs reached 90% confluence, the cells were split into 60 mm or 35 mm culture plates
for various treatments as specified in figure legends. The cell growth was arrested with 0.5%
FBS medium during treatments. Every alternate day the culture media was replaced with fresh
media. Activators or inhibitors of SOCE were added 20 min before the TGFB1 treatment. Cells
used were with sub-passages not more than nine generations.

Transient transfection of HMCs. Small interfering (si) RNA against human Orail or scrambled
control siRNA (both 50 nM) were transfected into HMCs using Dharmafect 2 transfection
reagent (Thermo Scientific, Rockford, IL) in serum free DMEM media following the protocol
provided by the manufacturer. Media was changed to 20% FBS DMEM media after 6 h. Cells
were harvested for Western blot 72 h after transfection. Expression plasmid of Orail, mCherry
Flag-red Orail plasmid (0.5 pug/ml) and empty vector yellow fluorescent protein, YFP (0.5
pg/ml) were transfected into the HMCs using Lipofectamine and Plus reagent (Invitrogen-BRL,
Carlsbad, CA) following the protocols provided by the manufacturer. Cells were collected 48 h

after transfection for Western blot analysis.

131



Preparation of nuclear extracts. Preparation of nuclear extracts from HMCs was performed
using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Catalogue No: 78833, Thermo
Scientific, Rockford, IL) following the manufacturer’s protocol. The extracts were stored at -
80°C until use.

Immunoblot Analysis. Immunoblot Analysis was performed as described in our previous
publications(29). Briefly, the whole-cell lysates were fractionated by 10% SDS-PAGE (except
for TGFBl protein which was fractionated by 15% SDS-PAGE), transferred to PVDF
membranes, and probed with primary antibodies to Smad3, phospho-Smad3 (p-Smad3), Orail,
TGFB1, Flag, TATA binding protein (TBP) and tubulin. Bound antibodies were visualized with
Super Signal West Femto or Pico Luminol/ Enhancer Solution (Catalogue No: 34095 and 34087,
Thermo Scientific, Rockford, IL). The specific protein bands were visualized and captured using
the AlphaEase FC Imaging System (Alpha Innotech, San Leandro, CA). The integrated density
value (IDV) of each band was measured by drawing a rectangle outlining the band using
AlphaEase FC software with autobackground subtraction. If a protein had double bands, a total
IDV by summation of each band IDV was used. The expression of Smad3, p-Smad3, Orail,
TGFp1, Flag proteins were quantified by normalization of the IDVs of those protein bands to
that of tubulin bands on the same blot. In Figure 6, the expression of nuclear p-Smad3 proteins
were normalized to TBP.

ELISA. Abundance of TGFf1 in supernatant media was determined by a solid-phase sandwich
enzyme-linked immunosorbent assay (ELISA) using a DuoSet ELISA Development kit for
TGFp1 (Catalogue No: DY240-05, R&D System, Minneapolis, MN, USA). Briefly, HMCs were
plated in 24 well plates as 1.8 X 10* cells per well and after confluency were serum deprived till

the end of experiment. SOCE was activated by treating these cells with 1uM thapsigargin (TG)
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for 8 h before sample collection. Supernatant media was collected, centrifuged at 1500 rpm for
10 min at 4°C and stored at -80°C until use. Latent TGFB1 in the cell supernatants was activated
with acidification of samples by 1.0 N HCI and subsequent neutralization with 1.2 N NaOH/0.5
M HEPES and assayed immediately using the protocol provided by the manufacturer. The
optical density was determined using the microplate reader set to 450 nm. TGFB1 concentration
in the media was determined from the standard curve obtained using the Sigma plot software
version 11.

Immunofluorescence Cytochemistry. HMCs were plated on 22 X 22, 1 mm glass coverslips in
35 mm culture dishes. Cells were treated with TGFB1 (5 ng/ml) for 15 h, with or without (TG
1uM) and GSK-7975A (10 puM). GSK was added 20 min before TG which was added 20 min
prior to TGFP1 treatment. After 15 h, cells were washed with PBS and fixed with 4%
paraformaldehyde for 15 min at room temperature. After another wash with PBS, the cells were
then incubated with ice-cold acetone at -20°C for 10 min. After 30 min of incubation with
blocking buffer, the cells were incubated with mouse anti-Smad3 primary antibody at 1:100 in
PBS plus 10% donkey serum and 0.2% Triton X-100 at 4 °C overnight. After three washes with
PBS, the cells were then incubated with donkey anti-mouse secondary antibody conjugated with
Alexa Fluor 568 (Catalogue No: A10037, Invitrogen) at a concentration of 1:500 for 1 h at 4°C
in dark. DAPI (Catalogue No: H-1200, Invitrogen) was used for staining nuclei. Fluorescent
staining was examined using an Olympus microscope (BX41) equipped for epifluorescence and
an Olympus DP70 digital camera with DP manager software (version 2.2.1). Images were
converted to 16-bit format and uniformly adjusted for brightness and contrast using ImageJ

(version 1.47; NIH).
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Animals. All procedures were approved by the University of North Texas Health Science Center
(UNTHSC) Institutional Animal Care and Use Committee. 10 male C57BL/6 mice were
purchased from Charles River Laboratories (Wilmington, MA). All mice used in this study were
between 2 and 4 months of age. The animals were maintained at the animal facility of UNTHSC
under local and National Institutes of Health guidelines.

In Vivo Delivery of nanoparticles (NP) into the Kidney of Mice. NPs having an OrailsiRNA
concentration of 2 mg/ml and size of about 70 nm were obtained using the protocol as previously
described (30). These siRNAs against Orail were delivered to the kidneys of mice using the
targeted NP delivery system as described previously (15). Mice were randomly divided into
control and Orail-knocked down groups (five mice in each group). Tail vein injection of NPs
containing Cy3- tagged siRNA against mouse Orail (NP-Cy3- siOrail) were given at a dose of
10 mg/kg SiRNA in a volume of 100 pl to the mice in the Orail-knocked down group. The mice
in the control group were only given unconjugated NPs through the same route in the same
injection volume. These intravenous injections were given on day 1 and 3 of the experiment and
the mice were euthanized on day 5. Mice were euthanized via intraperitoneal injection of
pentobarbital (100 mg/kg body weight). Kidneys were perfused with PBS to wash out the blood
and after removal the left kidneys were fixed in 4% paraformaldehyde in PBS overnight.
Paraformaldehyde fixed organs were dehydrated and embedded in molten paraffin to generate
sections of 4 um in thickness (Cryostat 2800 Frigocut-E; Leica Instruments).
Immunofluorescence histochemistry. Anti a8 integrin rabbit polyclonal antibody at 1:50 and
Alexa Fluor 488 Donkey anti-rabbit 1gG (Catalogue no: A21206, Invitrogen, Eugene, OR) at
1:200 were used to label mouse glomerular MCs. Anti synaptopodin goat polyclonal antibody at

1:50 and Alexa Fluor 488 donkey anti goat IgG (Catalogue no: A11055, Life Technologies,
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Eugene, OR) at 1:200 was used to label the podocytes. Sections were examined using an
Olympus microscope (BX41) equipped for epifluorescence and an Olympus DP70 digital camera
with DP manager software (version 2.2.1). Images were converted to 16-bit format and
uniformly adjusted for brightness and contrast using Image J (version 1.47, NIH).

Immunohistochemistry with DAB staining. After rehydration, antigen retrieval was achieved
by heating the sections in 10 mM citrate buffer in a microwave for 10 min. The sections were
blocked by 5% goat serum for 30min at room temperature and then were incubated with anti p-
Smad3 rabbit antibody at 1:100 overnight at 4°C. The sections were incubated with anti-rabbit
poly HRP IHC reagent (Catalogue no: IHC-2291, General Bioscience Corporation) at room
temperature for 1 h, followed by incubation with Peroxidase substrate solution for about 2-3min,
dipping the slides in hematoxylin solution for 90 seconds, dehydration in incubator at 60°C for
30 min and cover slipped with mounting media. Sections were examined using an Olympus
microscope (BX41) and an Olympus DP70 digital camera with DPmanager software (version
2.2.1). Images were converted to 16-bit format and uniformly adjusted for brightness and

contrast using ImageJ (version 1.47; NIH).

Materials

Primary antibodies against p-Smad3 (ab51451) and TBP (ab818) were purchased from Abcam
(Cambridge, MA), Smad3 (sc101154), integrin a8:H-180 (sc-25713), synaptopodin (P-19) (sc-
21537) and o-tubulin(sc-5286) from Santa Cruz biotechnologies, Orail(08264) from Sigma-
Aldrich,(Israel). Secondary antibodies for western blot, goat anti mouse Ig HRP (sc2005) and
goat anti rabbit Ig HRP (sc2003) were purchased from Santa Cruz biotechnologies. Small

interfering (si) RNA against human Orail, Cy3-labeled siRNA against mouse Orail were
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purchased from Integrated DNA Technologies, Inc. (Chicago, IL). (Table 1) Scramble control
SIRNA (ON-TARGETpIlus Non-targeting control siRNA#1) (D-001810-01-20) was purchased
from Dharmacon, GE. mCherry Flag red Orail plasmid and the mouse Flag antibody were
obtained from Dr Yuan at UNTHSC.

TG(T9033), BSA (A7030), Hematoxylin (GHS3) were purchased from Sigma-Aldrich. HCI
(BDH3419-1), NaOH (VW3247-1) were from VWR, (West Chester, PA), DMSO (4-X) was
purchased from ATCC, (Manassas, VA), Human recombinant TGFB1 (240-B-002) was
purchased from R&D systems. GSK-7975A was kindly donated by GlaxoSmithKline (Brentford,
UK). Peroxidase substrate solution (DAB Peroxidase substrate kit SK-4100) was purchased from
Vector Laboratories (Burlingame, CA).

Statistical Analyses. Data were reported as mean + SEM. The one-way ANOVA plus Newman-
Keuls post hoc analysis and unpaired t-test were used to analyze the differences among multiple
groups and between two groups, respectively, unless indicated in individual figures. P<0.05 was
considered statistically significant. Statistical analysis was performed using SigmaStat (Jandel

Scientific, San Rafael, CA).

Results

SOCE activation did not affect abundance and secretion of TGFp1 in cultured HMCs. MCs
are known to synthesize and secrete TGFB1 (31-33). To study if Ca?* entry via SOC suppresses
ECM proteins by inhibiting production and/or secretion of TGFB1 by HMCs, we activated SOC
by treating the cells with 1 puM TG for 8 h. ELISA assay showed SOC activation did not
significantly change the concentration of TGFB1 in the culture media (Figure 1 A). Consistently

immunoblot analysis showed that there was no significant difference in abundance of TGFp1
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protein in HMCs with and without TG treatment (Figure 1B and 1C). These results indicate that

activation of SOC did not affect the secretion and amount of TGFB1 protein.

SOCE inhibited TGFp1 induced phosphorylation of Smad3

A variety of stimuli such as Angiotensin Il, high glucose, advanced glycosylation end products,
and reactive oxygen species activate TGFBI to regulate expression of matrix proteins by MCs
(34-36). One of the major intracellular downstream pathways mediating this effect has been
demonstrated to be via the activation of Smad proteins, particularly Smad3 (28,37-41). We
indeed found that administration of TGFB1 (5 ng/ml) but not its vehicle control (HCI) for 15 h
induced a robust increase in the content of phospho-Smad3, the active form of Smad3, in HMCs
(Figure 2A and 2B). Activation of SOC in these cells by TG significantly attenuated TGFp1
response. However, the content of total Smad3 did not have significant difference among these
groups. These results indicate that SOCE inhibits activation of the Smad3 pathway by TGFp1
in HMCs.

Knockdown of Orail increased while overexpression of Orail decreased the TGFp1
induced phosphorylation of Smad3.

Further, we speculated that knocking down the pore forming unit of SOC may have opposite
effect to that of activation of SOC. Indeed, TGFB1 induced phosphorylation of Smad3 was
further and significantly increased in HMCs transfected with Orail siRNA as compared to
untransfected cells and scramble siRNA-transfected cells. (Figure 3A and 3B). Simultaneous
activation of SOC using 1 UM TG attenuated the enhanced response. The knockdown efficiency
of Orail siRNA as demonstrated by Orail bands in Figure 3, showed 80% reduction of Orail

protein abundance.

137



To support these findings, we next overexpressed Orail protein in HMCs with mCherry-Flag-red
human Orail plasmid. The Flag-tagged exogenous Orai 1 band was detected at approximately
80 kDa (Figure 4C). As shown in Figure 4A and 4B, activation of SOCE by TG significantly
decreased TGFpB1-induced phosphorylation of Smad3. This inhibition was further augmented
with overexpressing Orai 1.

Activation of SOCE decreases TGFp1 mediated translocation of Smad3 in the nucleus.
Activation of Smad3 by TGFp1 involves its phosphorylation and subsequent translocation to the
nucleus where it regulates the transcription of target genes. Translocation is the rate limiting step
for TGFp1 signaling. We studied the expression of TGFB1-induced phosphorylated Smad3 in the
nuclear extracts of HMCs with activation or inhibition of SOC respectively. As shown in Figure
5A and 5B, translocation of p-Smad3 to the nucleus was significantly increased by TGFp1
treatment. TG significantly reduced this translocation while simultaneous treatment with La* (5
pHM) a SOC blocker reversed the TG effect. Consequently, immunocytological examination
showed that Smad3 was localized in the cytosol in many HMCs without stimulation. However,
in the cells treated with TGFB1, Smad3 was localized in the nucleus (Figure 5C). Furthermore,
TG inhibited this translocation indicated by presence of Smad3 in the cytosol. The inhibitory
effect of TG was abolished when the cells were simultaneously treated with a selective SOC
inhibitor, GSK-7975A (10 puM).

In Vivo knockdown of Orail in MCs increased phosphorylation and nuclear translocation
of Smad3 in mice.

We next verified our in vitro findings in mice with knockdown of Orail in MCs using the
established targeted NP-siRNA delivery system (42,43). The NP carriers containing Cy3-tagged

SIRNA against mouse Orai 1 (NP-Cy3-siOrail) were injected into mice via the tail vein
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(15,43,44). These NP-siRNA complexes were predominantly distributed in glomeruli with
limited distribution in surrounding tubules (Figure 6A). Next, we counterstained kidney sections
from mice that received NP-Cy3-siOrail (red signals) with the MC marker integrin a8 (green
staining). As shown in Figure 6B, the NP-Cy3-siOrai 1 complexes highly co-localized with the
integrin a-8, suggesting that the NP-siRNA complexes were specifically delivered into MCs.

We conducted immunohistological examination of the kidney sections from the mice with and
without delivery of NP-Cy3-siOrail. As shown in Figure 7, the abundance of p-Smad3
(indicated by the brown color) was markedly increased in the glomeruli of mice with Orail
knockdown. Also, the NP-Cy3-siOrail treatment stimulated translocation of p-Smad3 to the

nuclei, indicated by intense brown color.

Discussion

Store operated calcium entry is a ubiquitous intracellular Ca?* signaling pathway, serving
diverse functions in many non-excitable and excitable cells (14,45-50). Apart from its
physiological functions, this pathway is also involved in many pathological disorders. For
instance, an altered SOCE is associated with many diabetic complications (51). We have
previously demonstrated that SOCE in MCs suppressed ECM protein expression (15). It is
known that multiple pathways regulate synthesis and degradation of ECM proteins and thus,
affect expression level of ECM proteins (52,53). TGFB1, a pleotropic cytokine and the most
common and best characterized isoform of TGFp, is a known pro-fibrotic factor to stimulate
production of ECM proteins in MCs (41). Also, TGFp1 signaling pathway plays a critical role in
mesangial expansion and renal fibrosis in diabetic kidney disease (16,17). Serum levels of

TGFp1 are positively correlated with the severity of diabetic nephropathy (DN), while in diabetic
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patients without DN those are not significantly different as compared to nondiabetic subjects
(18). Various studies have indicated the potent fibrotic effect of TGFB1 to be mediated via the
receptor operated intracellular Smad signaling, particularly through Smad3 (22,24,25,37,38). Our
results from the present study suggest that TGFp1/Smad3 pathway is a target of SOCE for
inhibition of ECM protein expression.

SOCE could inhibit the TGFB1-Smad3 signaling by acting on one or more sites of this
pathway in MCs. First, it could inhibit the production or secretion of TGFB1 by MCs. Second,
SOCE could inhibit the activation of Smad3, i.e. its phosphorylation, and the third, SOCE could
inhibit the nuclear translocation of Smad3. Our findings suggest that SOCE may not influence
TGFB1 production and secretion by MCs in presence of NG because activation of SOC did not
change the abundance of TGFB1 in MCs and in media culturing MCs (Figure 1).

Further our study suggests that activation (phosphorylation) and nuclear translocation of
Smad3 are the regulatory sites for SOCE-induced inhibition of TGFB1/Smad3 pathway.
Receptor activation after TGFB1 binding, leading to C-terminal phosphorylation of R-Smad is an
important step which destabilizes Smad interaction with Smad anchor for receptor activation
(SARA), allowing dissociation of Smad from the complex and the subsequent exposure of a
nuclear import region on the Smad MH2 domain (54). In addition, R-Smad phosphorylation
augments its affinity for Smad4 (55). The association of these two proteins translocates to the
nucleus and interacts with transcriptional regulation complexes. In this study, activation of SOC
significantly reduced the TGFpB1-induced phosphorylation of Smad3 in MCs (Figure 2).
However, the abundance of total Smad3 remained unaffected. Since phosphorylated Smad3 is
the active form of Smad3, a decrease in the ratio of p-Smad3 to total Smad3 indicates an

inhibition of the Smad3 signaling pathway.
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The inhibitory effect of SOCE on Smad3 activation (phosphorylation) was further
supported by the data from experiments of manipulating Orail protein expression. Orail is the
pore forming unit of SOC and therefore, knocking down this channel protein would be expected
to reduce SOCE. Consistent with the findings described above, knocking down Orail
significantly enhanced TGFp1-induced phosphorylation of Smad3 in HMCs (Figure 3A and 3B).
In agreement with the results, over expressing Orail significantly augmented the inhibitory
effect of SOCE on TGFp1-stimulated Smad3 phosphorylation (Figure 4). These findings are
also in line with our previous reports that Orail knocked down increased ECM protein
expression in MCs (15). Interestingly, one group recently reported that phosphorylation of
Smad2/Smad3 was decreased by knocking down Orail in HK2 cells (56). However, if this
decrease was specifically due to decrease in both Smad2 and Smad3 or only Smad2 or Smad3
was not clear. This is important because Smad2 and Smad3 may have totally opposite
downstream effects, Smad3 being pro-fibrotic and Smad2 as anti-fibrotic, as demonstrated by
many studies (57,58) . Another possibility is that the effect of SOCE is cell type or cell context
specific. Also, some studies have reported decreased SOCE with overexpression of Orail which
was not measured in this study. It might be possible that the abundance of STIM1 is more in
MCs and hence overexpression of Orail may not change the stoichiometry to the extent to
reduce the SOCE.

It is not known how SOCE inhibited phosphorylation of Smad3 by TGFB1 from this study.
Several possibilities exist. At the level of TGF receptor, SOCE may inhibit the type II or type I
receptor kinase which in turn, suppresses the subsequent phosphorylation of Smad3. Another
mechanism could be that SOCE either activates a Ca?* dependent phosphatase, such as

calcineurin or a receptor specific phosphatase PP1c that dephosphorylate TGF receptor I (59)
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reducing the subsequent Smad3 phosphorylation and thus inhibiting its activation and
translocation. Alternatively, SOCE could facilitate the interaction between inhibitory Smad7 and
the TGFp receptors, resulting in suppression of downstream TGF1/R-Smad signaling, including
phosphorylation of R-Smad.

Phosphorylation of Smad3 renders the receptor-operated Smad protein suitable for
nuclear import, a critical step for its regulation of gene transcription. Because SOCE inhibited
Smad3 phosphorylation, it is not surprising that the nuclear translocation of Smad3 was
depressed by activation of SOC and was promoted by inhibition of SOC (Figure 5). However,
the content of nuclear Smad3 is regulated by multiple mechanisms. The change in nuclear
Smad3 in response to SOCE may not only be secondary to its inhibition on phosphorylation.
Effect of SOCE on other pathways regulating nuclear localization of Smad3 can’t be ruled out.
For example, SOCE may also facilitate phosphorylation in the linker region by cyclin dependent
kinases (CDKs) or mitogen associated protein kinases (MAPKS) rendering Smad3 unsuitable for
nuclear transport or interacts with other kinases that can affect interaction of Smad3 with import
machinery like nucleoporins, nuclear retention factors (60-62). Increased export of Smad3 out of
the nucleus can also be a mechanism for suppressed nuclear content of p-Smad3 by SOCE.
Nuclear localized protein phosphatase PPIMA/PP2Ca, a Smad2/3 SXS-motif specific
phosphatase, dephosphorylates Smad2/3 in the nuclei and also facilitates the interaction of
dephosphorylated Smad2/3 with a nuclear export factor, RanBP3(Ran-binding protein 3). (63)

In summary, we defined a negative regulation of TGFf1-Smad3 pathway by SOCE in
MCs. This inhibition was through suppression of phosphorylation and nuclear translocation of
Smad3, but not by decreasing abundance of TGFB1 protein in MCs. A diagram presented in

Figure 8 illustrates the possible mechanism for suppression of TGFB1-Smad3 pathway by SOCE
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in MCs. Because TGFB1-Smad3 signaling pathway plays a critical role in renal fibrosis in many
kidney diseases, our findings highlight that SOC may be considered as an alternative therapeutic

option for treating patients with renal fibrosis.
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Tablel. siRNAs used for transient transfection.

SIRNA Sequence Gene Accession
number/

catalog number

ON_TARGETplus | UGGUUUACAUGUCGACUAA D-001810-01-20
Non-targeting

control sSiRNA#1
Target sequence

Human Orail | 5’-UGGAACUGUCGGUCAGUCUUAUGGC-3’ NM_032790
SIRNA (sense
strand)

Cy3 Mouse Orail | 5’-/5Cy3/ GGGUUGCUCAUCGUCUUUAGUGC-3’ | NM_175423
SIRNA (sense
strand)
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Figure 1. Effect of SOCE on TGFp1 secretion or production in cultured HMCs.

A: ELISA showing TGFB1 concentration in culture media. HMCs were in serum free DMEM
media for 72 h. One group was without any treatment and the other two groups were treated with
DMSO (1:1000) or TG (1 uM) for 8 h. prior to collection of media. ‘n’ indicates the number of
independent experiments. B: Representative immunoblot showing the effect of SOCE on TGF
B1 protein content in cultured HMCs. HMCs were without treatment or treated with DMSO
(1:1000) or TG (1 uM) in presence of NG for 24 h. DMSO (1:1000) is the vehicle control for
TG. a-tubulin was used as the loading control. C: Summary data from the experiment indicated

in B. ‘n’ indicates the number of independent experiments.
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Figure 2. SOCE inhibited TGFp1-induced phosphorylation of Smad3 in cultured HMCs.

A: Representative immunoblot showing changes in p-Smad3 and Smad3 proteins in different
treatment groups. HMCs were treated with recombinant human TGFB1 (5 ng/ml) in presence or
absence of TG (1uM) for 15 h. UT: the cells without any treatment, HCl: 4 mM HCI with 0.1%
BSA at 1:4000, the vehicle control for TGFB1. DMSO (1:1000): the vehicle control for TG. a-
tubulin was used as the loading control. B: summary data showing changes in the ratio of p-
Smad3 to Smad3 in different treatment groups. ***p<0.001 vs UT and HCI; **p<0.01 vs TGFf1

and TGFB1 + DMSO. ‘n’ indicates the number of independent experiments.
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Figure 3. Knockdown of Orail increased the TGFp1-induced phosphorylation of Smad3.

A: Representative immunoblot, showing effect of knockdown of Orail on p-Smad3 and Smad3
protein abundance in different groups. HMCs were transfected with scramble (scr) or Orail
siRNA (siOrail). On day 3 after transfection cells were treated with TGFB1(5 ng/ml) in the
presence or absence of TG (1 uM) for 15 h. UT: cells were without ant treatment. a-tubulin was
used as the loading control. L: ladder. B: Summary data from experiments presented in A. The
abundance of p-Smad3 is expressed as the ratio of p-Smad3 to Smad3. **p<0.01 ***p<0.001 vs
UT; *p<0.05 vs TGFB1, TGFB1+Scr and TGFB1+siOrail+TG; #p<0.05 vs TGFB1+siOrail+TG;

##p<0.01 vs TGFB1+siOrail. ‘n’ indicates the number of independent experiments.
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Figure 4. Overexpression of Orail decreased the TGFp1-induced phosphorylation of

Smad3.

A: Representative immunoblot, showing p-Smad3 and total Smad3 protein abundance in HMCs
in different groups. HMCs were without transfection or were with YFP plasmid (YFP) or
mCherry FLAG Red Orail plasmid (pOrail). On day 2 after transfection, cells were treated with
TGFB1 (5ng/ml) in the presence or absence of TG (1uM) for 15 h. UT: cells without transfection
and treatment, DMSO (1:1000): vehicle control for TG. o-tubulin was used as the loading
control. B: Summary data showing changes in p-Smad3/ Smad3 ratio in different groups.
***p<0.01, vs UT; *p<0.05, vs TGFB1, TGFR1+DMSO, TGFB1+ pOrail+TG. ‘n’ indicates the
number of independent experiments. C: Immunoblot, showing endogenous Orail and expressed

Orail protein expression HMCs transfected with YFP and pOrail.
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Figure 5. Activation of SOC decreased TGFp1-stimulated translocation of Smad3 to the

nucleus.

A: Representative immunoblot showing p-Smad3 protein abundance in nuclear extracts of
HMCs. HMCs were either without treatment (UT) or treated with recombinant human TGF1 (5
ng/ml) in the presence or absence of TG (1uM) or a selective blocker of SOCE, La®* (5 uM) for
15 h. HCI: vehicle control for TG, DMSQO: vehicle control for TG. TBP was used as the loading
control for the nuclear proteins. B: Summary data from experiments in A. ***p<0.001, vs. UT
and HCI; *p<0.05 vs. TGFBbl, TGFp1+DMSO, TGFP1+TG+La%". ‘n’ indicates the number of
independent experiments. C. Immunofluorescence staining showing Smad3 expression in HMCs
treated with TGFB1 (5 ng/ml) in the presence or absence of TG (1 uM) or GSK-7975A (10 uM)
for 15 h. UT: cells without treatment, DMSO: vehicle control for TG. Smad3 is shown as red.
Nuclei was stained with DAPI and shown as blue. Purple indicates co-localization of Smads with

nuclei. Arrows indicate presence of Smad3 in the cytosol.
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Figure 6. Distribution of NP-Cy3-siOrail predominantly in MCs in mouse kidney.

A: Representative images from 3 mice, showing localization of NP-Cy3-siOrail (red) in
glomeruli (indicated by arrows), but not in tubules. Original magnification: 200X. B:
Localization of NP-Cy3-siOrail in MCs (upper panel) and podocytes (lower panel)
representative from 3 mice. MCs and podocytes were stained with Integrin-a8 and synaptopodin
(green) respectively in different sections. NP-Cy3-siOrail was shown as red signals. Original

magnification: 200X.
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Figure 7. Knockdown of Orail in MCs increased phosphorylation and nuclear

translocation of Smad3 in mice.

A: Representative images for immuno-histochemical staining of p-Smad3 on paraffin embedded
kidney sections from NP-alone and NP-Cy3-siOrail injected mice. p-Smad3 staining is indicated
by brown while nuclei are shown blue. Glomeruli are indicated by arrows. Original

magnification 200X. B: Magnified images of the region indicated by dashed boxes.
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Figure 8. Simplified summary diagram demonstrating the pathway involved in negative

regulation of TGFB1-Smad3 signaling by Orail-mediated SOCE in MCs.

Red line indicates inhibition and blue arrows indicate promotion of the pathway.
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Abbreviations

CDKs: cyclin dependent kinases

DN: diabetic nephropathy

ECM: extracellular matrix

FBS: fetal bovine serum

HCIL: 4 mM HCI with 0.1% BSA at 1:4000 as the vehicle control for TGF1

HMCs: human mesangial cells

IDV: integrated density value

La®": Lanthanum

MAPKSs: mitogen associated protein kKinases

MCs: mesangial cells

NP: nanoparticles

NP-Cy3- siOrail: nanoparticles containing Cy3- tagged siRNA against mouse Orail

p-Smad3: phosphorylated Smad3

R-Smads: receptor operated smads

SIRNA: small interfering RNA

SOC: store-operated channels

SOCE: store operated calcium entry
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TBP: TATA binding protein

TG: thapsigargin

TGEFp: transforming growth factor beta

YFP: yellow fluorescent protein
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CHAPTER V

SUMMARY, GENERAL DISCUSSION AND FUTURE DIRECTION

Summary and General Discussion

Glomerular mesangial cells (MCs) form one of the major cell population in the
glomerulus (1).  The function of MCs predominantly depend on their intracellular Ca?
signaling. The various Ca?" channels that contribute to Ca?" homeostasis in these cells are
comprised of voltage operated Ca?* channels (VOCC), receptor operated channels (ROC) and
store operated channels (SOC) (2). Ca?* entry through SOC known as store-operated calcium
entry (SOCE), is responsible for multiple physiological functions ranging from intracellular Ca?*
concentration maintenance to cell growth. Disturbances of SOCE have been observed in
numerous pathological conditions, including diabetes in a variety of cells (3). However, whether

SOCE in MCs is altered in diabetes and what its significance is are not known.

The first study presented here aimed to determine the effect of high glucose
(HG)/diabetes on SOCE. Exposure to HG for 7 days or more increased cyclopiazonic acid
(CPA)-induced SOCE in cultured human MCs. Consistently, the whole cell patch clamp

experiments demonstrated that the I1Ps-stimulated SOC current was significantly augmented by 7
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days of HG treatment. The increase in SOC current response and SOCE to prolonged HG
treatment were abolished by selective SOC blocker GSK7975A. We next studied the molecular
mechanisms for this HG-enhanced SOCE. STIML1 and Orail are known key components of SOC
(4,5). We found that abundance of both STIM1 and Orail was significantly increased with
different concentrations of HG (10, 20 and 30 mM) as well as after 7 days of HG treatment.
Consistently, glomeruli from streptozotocin (STZ)-induced diabetic rats (Type 1 diabetic model)
exhibited upregulation of both STIM1 and Orail proteins at 4 weeks after STZ injection. Similar
findings were observed in renal cortices of the rats with high fat diet followed by STZ treatment
(type Il diabetes model) for 20 weeks. Increase in protein abundance can be due to either
increased production or decreased degradation. Our further study showed that HG treatment
significantly increased mRNA expression level of STIM1, but not that of Orail. These results
suggest that a transcriptional mechanism was involved in STIML1 elevations while a post-
transcriptional mechanism(s) was involved in increased Orail protein expression in response to a

prolonged HG treatment.

The findings that SOCE in MCs was altered by diabetes led to the next study
investigating its relevance to diabetic kidney disease. SOCE has discrete effects on cellular
processes in different types of cells. It stimulates cell growth in cardiac myocytes while it
suppresses cell growth in mouse embryonic fibroblasts and rat uterine leiomyoma cells (6,7).
Since MCs are one of major sources for production of extracellular matrix proteins (ECM), and
over production of ECM proteins is a hallmark of early stage of diabetic nephropathy (DN), we
next studied whether SOCE regulated ECM protein expression. We found that activation of
SOCE by thapsigargin (TG), a classical activator of SOC, significantly reduced abundance of

fibronectin and this response was significantly attenuated by a SOC blocker, GSK-7975A.
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Consistenly, inhibition of SOCE using 2-aminoethyl diphenylborinate (2-APB) (50 uM),
increased contents of fibronectin and collagen IV. Both ECM proteins were also increased by
HG and the HG response was abolished by TG. Knockdown of Orail, the pore forming unit of
SOC, increased fibronectin protein abundance in human MCs. In agreement with the in vitro
study, specific knockdown of Orail in MCs in vivo using the targeted nanoparticle SIRNA (NP-
SiRNA) delivery system also increased the abundance of glomerular fibronectin and Collagen 1V
and mesangial index in mice. These results suggest that SOCE in MCs negatively regulates ECM

protein expression in kidney.

The third study focused on the mechanism by which SOCE suppresses ECM protein
expression. TGFB1-Smad3 pathway is a well-known fibrotic pathway in kidney cells, including
MCs (8,9). We then studied if inhibition of TGFB1-Smad3 pathway contributed to the inhibitory
effect of SOCE on ECM protein expression. We showed that treatment of human MCs with TG
did not significantly change the content of TGFB1 protein in the cell culture media and the cell
lysates, suggesting that SOCE did not affect the secretion or production of TGFB1 by human
MCs. Recombinant human TGFf1 increased the phosphorylation of Smad3 and translocation of
Smad3 to the nucleus in MCs. TG inhibited the TGFp1-induced activation and nuclear
translocation of Smad3. Knockdown of Orail increased phosphorylated Smad3 while
overexpression of orail further decreased the TG-abrogated phosphorylated Smad3 expression
after TGFB1 treatment. Immunohistological examination of kidney sections from mice with in
vivo Orail knockdown in MCs also exhibited increased phosphorylation and nuclear
translocation of Smad3 in glomeruli. The findings from this study suggest that inhibition of
TGFB1-Smad3 pathway is a downstream mechanism for SOCE inhibiting ECM protein

expression in MCs.
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There are a few limitations in these studies. The changes in STIM1 and Orail protein
expression seen in vivo in renal cortices or glomeruli from diabetic animals may not be fully
attributed to MCs. Other glomerular cells might also be involved. However, considering that
MCs are a major population of cells in glomerulus, the results from the specific region of kidney
may still be used as an indication of MC response. Another limitation is that the NP-siRNA
delivery system used in our study transfects siRNA to MCs transiently because of fast
degradation of siRNA. Considering the progressive and chronic nature of DN it would be
appropriate to study the effect of long-term knockdown of Orail in these animals.

Taking together, our findings in the present study suggest that prolonged
hyperglycemia enhances SOCE in MCs through upregulation of STIM1 and Orail protein
abundance, and SOCE suppresses ECM protein expression and glomerular mesangial expansion
by inhibiting TGFpB1-Smad3 pathway. Figure 1 summarized these findings and illustrates the
beneficial pathway of SOCE. Since accumulation of ECM proteins/mesangial expansion is one
of major pathological changes in DN, our findings may provide an alternative therapeutic option

for patients with DN.

Future directions:
Enhancing SOCE in vivo

Our study showed that SOCE in MCs downregulated abundance of ECM proteins and
hence is beneficial for diabetic kidneys. Therefore, enhancement of SOCE in MCs in kidney
diseases with ECM accumulation may be of therapeutic importance. This can be achieved either
by activating SOCE in MCs pharmacologically or upregulating expression level of its channel

proteins (STIM1 and Orail). Although a delivery system delivering expression plasmids or drugs
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selectively to MCs is not available currently, developing such an approach has high
pharmaceutical and clinical significance. Alternatively, we could downregulate activity or
amount of endogenous inhibitors of SOC to upregulate SOC function. The a-isoform of the
inhibitor of the myogenic family (I-mfa) is a cytosolic protein and has been demonstrated to
suppress SOC activity(10). Theoretically, knocking down I-mfa using our targeted NP/SiRNA-
delivery system can release SOC signaling from its inhibition and, in turn decrease ECM protein

expression by activating SOCE pathway.

NP-siRNA delivery system as the therapeutic tool in human subjects

The targeted NP-siRNA delivery system used in the present study may be used as a
therapeutic option in human subjects as this delivery system has already been tested in humans
(11). 1t would be interesting to know if the findings in animals studies can be extended to human
subjects. Also, other proteins in MCs that play a detrimental role in kidney diseases can be

targeted through this approach.

Mechanism of TGFB1-Smad3 pathway inhibition by SOCE

SOCE inhibited TGFB1-induced phosphorylation of Smad3. Since TGFp receptors are
serine-threonine kinases, a major possibility is that the members of protein Serine-Threonine
phosphatases are playing a role in de-phosphorylation of Smad3. Some of the important
phosphatases to consider are a receptor specific phosphatase PP1c or Ca?* dependent
phosphatase, calcineurin. Also the possible role of nuclear localized Smad2/3 SXS-motif specific
phosphatase, PP1IMA/PP2Ca in dephosphorylation of activated Smad3 and enhancing its export
out of the nucleus would be interesting to determine. Additional experiments studying the effect
of SOCE on TGFB1-mediated phosphorylation of Smad3 in presence of the inhibitors of these

phosphatases will provide valuable information for these speculations. Other possibilities
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include suppression of the receptor activation or Smad3 activation by inhibiting the type Il or
type | receptor kinases respectively. SOCE may also interact with another known parallel
pathway that regulates the TGFB1-Smad3 pathway (12). Further experiments are needed to
evaluate the role of SOCE on those pathways and its ultimate role in the complex network of

cross talk between these multiple pathways.
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Figure 1. Summary diagram depicting the pathways known in diabetes (dark blue arrows) and
the compensatory pathway derived from this study (light blue arrows). Red arrow indicates an

increase while green arrow indicates a reduction.

179



Diabetes

|

\ 4

4

|

Hyperglycemia

|

l

A STIM1/Orail |

¥

|

4 SOCE ]

!

|

¥  TGFp1-Smad3 M
A 2 ) 4
ECM proteins

| l
\,
y

Y

.\
V.
~

DN




Abbreviations:

2-APB: 2-aminoethyl diphenylborinate
CPA: Cyclopiazonic acid

DN: diabetic nephropathy

ECM: extracellular matrix

HG: high glucose

I-mfa: inhibitor of the myogenic family
IP3: inositol-triphosphate

MCs: mesangial cells

NP-siRNA: nanoparticle SIRNA

ROC: receptor operated channels
SOC: store operated channels

SOCE: store-operated calcium entry
STZ: Streptozotocin

TG: thapsigargin

VOCC: Voltage operated Ca?* channels
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