
RGS2 Regulates Urotensin II-Induced Intracellular Ca2+ Elevation 
and Contraction in Glomerular Mesangial Cells

ADEBOWALE ADEBIYI*

Department of Physiology, University of Tennessee Health Science Center, Memphis, Tennessee

Abstract

Urotensin II (UII), a vasoactive peptide modulates renal hemodynamics. However, the 

physiological functions of UII in glomerular cells are unclear. In particular, whether UII alters 

mesangial tone remains largely unknown. The present study investigates the physiological effects 

of UII on glomerular mesangial cells (GMCs). This study also tested the hypothesis that the 

regulator of G-protein signaling (RGS) controls UII receptor (UTR) activity in GMCs. RT-PCR, 

Western immunoblotting, and immunofluorescence revealed UTR expression in cultured murine 

GMCs. Mouse UII (mUII) stimulated Ca2+ release from intracellular stores and activated store-

operated Ca2+ entry (SOCE) in the cells. mUII also caused a reduction in planar GMC surface 

area. mUII-induced [Ca2+]i elevation and contraction were attenuated by SB 657510, a UTR 

antagonist, araguspongin B, an inositol 1,4,5-trisphosphate receptor antagonist, thapsigargin, a 

sarco/endoplasmic reticulum Ca2+-ATPase inhibitor, and La3+, a store-operated Ca2+ channel 

blocker, but not nimodipine, an L-type Ca2+ channel blocker. In situ proximity ligation assay 

indicated molecular proximity between endogenous RGS2 and UTR in the cells. Treatment 

of GMCs with mUII elevated plasma membrane expression of RGS2 by ~2-fold. mUII also 

increased the interaction between RGS2 and UTR in the cells. siRNA-mediated knockdown of 

RGS2 in murine GMCs increased mUII-induced [Ca2+]i elevation and contraction by ~35 and 

31%, respectively. These findings indicate that mUII-induced SOCE results in murine GMC 

contraction. These data also suggest that UTR activation stimulates RGS2 recruitment to GMC 

plasma membrane as a negative feedback mechanism to regulate UTR signaling.

Glomerular mesangial cells (GMCs) are part of the morphofunctional units of the 

renal glomerulus (Latta, 1992). Apart from providing structural support for the 

glomerular capillaries, GMCs generate vasoactive mediators, growth factors, and cytokines 

(Schlondorff, 1987; Schlondorff and Banas, 2009). GMCs also express a variety of ion 

channels, including small, intermediate and large conductance Ca2+-activated K+ channels, 

Ca2+-activated Cl, L-type Ca2+, and receptor and store-operated Ca2+ channels (Stockand 

and Sansom, 1998; Ma et al., 2005). Vasoactive peptides, including angiotensin II (AngII), 

endothelin-1, and arginine vasopressin stimulate GMC contraction, whereas atrial natriuretic 

peptide, calcitonin gene-related peptide, and somatostatin cause GMC relaxation (Kurtz et 

al., 1989; Singhal et al., 1989; Garcia-Escribano et al., 1993; Diez-Marques et al., 1995; 
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Stockand and Sansom, 1997). GMC contraction and relaxation have been proposed to 

regulate glomerular filtration by altering glomerular capillary expansion and surface area 

(Iversen et al., 1992; Blantz et al., 1993; Stockand and Sansom, 1997).

Urotensin II (UII), a vasoactive peptide originally isolated from the fish has been 

characterized in several mammalian species, including mouse, rat, pig, monkey, and human 

(Pearson et al., 1980; Douglas et al., 2004). Whereas UII N-terminus is structurally variable, 

its C-terminus is conserved between species and required for its biological activities (Itoh 

et al., 1987; Conlon et al., 1990; Coulouarn et al., 1998; Douglas et al., 2004; Ross et al., 

2010). Experimental evidence suggests that UII regulates renal functions, including renal 

blood flow (RBF), glomerular filtration rate (GFR), and electrolyte homeostasis. Infusion of 

human UII (hUII) into rat kidneys resulted in diuresis, natriuresis and an elevation in RBF 

and GFR (Zhang et al., 2003). Conversely, intravenous administration of rat UII attenuated 

urine flow, sodium and potassium excretion, RBF, and GFR in rats (Song et al., 2006; 

Abdel-Razik et al., 2008a,b). Intrarenal arterial injection of hUII also decreased RBF and 

renal cortical blood perfusion in neonatal pigs (Soni and Adebiyi, 2013). Immunoreactive 

UII has been localized to the integral components of the renal glomerulus, including the 

glomerular basement membrane, capillary endothelial cells, and mesangium (Shenouda 

et al., 2002; Balat et al., 2007). However, the physiological functions of UII in renal 

glomerular cells are unclear. In particular, it remains largely unknown whether UII alters 

mesangial tone. UTR, a G-protein-coupled receptor (GPCR) previously designated as an 

orphan receptor GPR14, mediates the physiological functions of UII (Ames et al., 1999; 

Liu et al., 1999; Mori et al., 1999; Nothacker et al., 1999; Elshourbagy et al., 2002). UTR 

is heterogeneously distributed in the kidney (Song et al., 2006; Abdel-Razik et al., 2008b). 

Mechanisms that regulate UTR signaling are unclear, but likely involve modulators of GPCR 

activity, including the regulator of G-protein signaling (RGS) (Douglas et al., 2000).

Agonist-induced activation of GPCRs is deactivated by rapid hydrolysis of bound GTP 

to GDP by the GTPase activity of the Gα subunit (Wettschureck and Offermanns, 2005). 

The intrinsic GTPase activity of G proteins is stimulated by RGS proteins (Ross and 

Wilkie, 2000; Hollinger and Hepler, 2002; Wettschureck and Offermanns, 2005). Over 20 

multifunctional RGS proteins have been identified (Ross and Wilkie, 2000; Hollinger and 

Hepler, 2002). RGS proteins such as RGS2, RGS4, and RGS5 modulate G-protein signaling 

pathways associated with cardiovascular and renal functions, including AngII, adrenergic, 

muscarinic, mineralocorticoid, and vasopressin receptor-mediated signal transduction in 

blood vessels, heart, adrenal glands, and kidneys (Gu et al., 2009). Some RGS proteins, 

including RGS2, RGS4, RGS6, RGS7, RGS9, RGS11, and RGS19 selectively regulate G 

protein targets (Heximer et al., 1997, 1999; Ross and Wilkie, 2000; Hollinger and Hepler, 

2002; Xie and Palmer, 2007). RGS2 selectively regulates Gαq functions, including inositol 

1,4,5-trisphosphate (IP3) production (Heximer et al., 1997, 1999; Kimple et al., 2009). UTR 

is coupled to Gq/11 proteins and stimulated phosphoinositide hydrolysis in rabbit thoracic 

aorta upon activation by UII (Saetrum et al., 2000; Maguire and Davenport, 2002). Taken 

together, these studies suggest the possibility that RGS2 may regulate UTR functions.

In the present study, the physiological effects of UII-induced UTR activation in GMCs were 

investigated. This study also tested the hypothesis that endogenous RGS2 regulates UTR 
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activity in GMCs. Findings here indicate that mouse UII (mUII) induces store-operated Ca2+ 

entry (SOCE) and contraction in murine GMCs. Data also suggest that mUII stimulates 

RGS2 recruitment to GMC plasma membrane as a negative feedback mechanism to regulate 

UTR activation.

Materials and Methods

Animals

Use of animals in this study was reviewed and approved by the Animal Care and 

Use Committee of the University of Tennessee Health Science Center (UTHSC). Mice 

(C57BL/6J) of 4–6 weeks age were purchased from the Jackson Laboratories (Bar Harbor, 

ME) and maintained at the UTHSC animal core facility.

GMC culture

A mouse GMC line was purchased from the American Type Culture Collection (Manassas, 

VA). Cells were subcultured in Dulbecco’s modified Eagle’s medium (DMEM; Life 

Technologies, Grand Island, NY) supplemented with mesangial cell growth medium 

(ScienCell Research Laboratories Carlsbad, CA), 2% fetal bovine serum (Atlanta 

Biologicals, Lawrenceville, GA), and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, 

MO). Cultured GMCs were characterized by negative immunostaining for cytokeratin 18 

(CYK18), an epithelial cell marker and positive staining for alpha smooth muscle actin 

(α-SMA), a myogenic marker (Mene et al., 1989; Supplemental Fig. 1).

Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was purified from mouse kidneys and cultured GMCs using the RNA MicroPrep 

kit (Zymo Research Corp., Orange, CA). cDNAs were synthesized from the RNA samples 

using the QuantiTect RT Kit (Qiagen, Valencia, CA) and were amplified by PCR using 

gene-specific oligonucleotide primer pairs (Table 1). PCR amplification was performed 

using the Eppendorf Mastercycler (Eppendorf, Westbury, NY) with the following reaction 

conditions: an initial denaturation at 98°C for 2 min, followed by 35 cycles (denaturation 

at 98°C for 10 sec, annealing at 57°C for 30 sec, and extension at 72°C for 30 sec), with 

a final extension at 72°C for 10 min. PCR products were resolved on 1.5% agarose gels 

stained with GelRed dye (Biotium, Hayward, CA) and documented on Kodak In Vivo F Pro 

Imaging System (Carestream Molecular Imaging, Rochester, NY). To confirm amplicons 

by sequencing analysis, PCR products were purified with ExoSAP-IT reagent (Affymetrix, 

Cleveland, OH). Thereafter, sequencing reactions were performed at the UTHSC Molecular 

Resource Center using the ABI 3130XL Genetic Analyzer (Applied Biosystems, Foster City, 

CA).

Western immunoblotting

Cultured GMCs were lyzed in ice-cold RIPA buffer (Thermo Scientific, Rockford, IL) 

followed by centrifugation to remove cell debris. Protein concentrations were determined 

using a Bio-Rad protein assay kit and SmartSpec 3000 Spectrophotometer (Bio-Rad, 

Hercules, CA). Protein lysates were mixed with SDS sample buffer containing 5% β-

mercaptoethanol and boiled at ~95°C for 5 min. Proteins were then separated on 4–15% 
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gradient polyacrylamide gels using the Mini Trans-Blot Cell (Bio-Rad) and transferred onto 

polyvinylidene difluoride or nitrocellulose membranes using a Semi-Dry Blotter (Thermo 

Scientific). Nonspecific binding sites on the membranes were blocked by BupH Tris 

Buffered Saline (Thermo Scientific) supplemented with 0.1% Tween 20 (TBS-T) and 5% 

nonfat milk for 1 h at room temperature. The membranes were probed with respective 

primary antibodies overnight at 4°C. After extensive wash in TBS-T, the membranes 

were incubated in horseradish peroxidase-conjugated secondary antibodies for 1 h at 

room temperature and washed in TBS-T. Immunoreactive proteins were visualized on a 

Kodak Imaging system using a Pierce Chemiluminescence kit (Thermo Scientific). For 

quantification, protein band intensities were normalized to those of GAPDH and analyzed 

by digital densitometry using Quantity One software (Bio-Rad).

Biotinylation of cell surface proteins

Sub-confluent GMCs were washed with ice-cold phosphate buffered saline (PBS) and 

incubated with 1 mg/ml of EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scientific) for ~45 

min at 4°C. Afterward, the cells were washed with PBS and incubated with 100 mM 

glycine in ice-cold PBS for 30 min at 4°C to remove unbound biotin. The cells were then 

lyzed in RIPA buffer (Thermo Scientific) followed by spectrophotometric determination 

of protein concentration. Dynabeads streptavidin (40 μL; Life Technologies) were mixed 

with the protein and incubated at 4°C with gentle rotation for 1 h. A DynaMag magnet 

(Life Technologies) was used to separate proteins bound to Dynabeads streptavidin 

from supernatant containing non-biotinylated cytosolic proteins. The beads were washed 

six times in PBS containing 0.1% BSA. Immobilized biotinylated proteins were eluted 

from Dynabeads by boiling the samples for 5 min in SDS buffer containing 5% β-

mercaptoethanol. Proteins were then resolved using Western immunoblotting.

Immunofluorescence staining and confocal microscopy

GMCs grown on glass coverslips were fixed in 4% formaldehyde for 20 min and 

permeabilized with 0.2% Triton X-100 for 20 min at room temperature. After 1 h of 

incubation in PBS containing 5% BSA to block non-specific binding sites, cells were treated 

overnight at 4°C with respective antibodies (1:40, each). Next day, cells were washed 

with PBS and incubated with DyLight 488-conjugated pre-adsorbed anti-rabbit or DyLight 

550-conjugated pre-adsorbed anti-mouse secondary antibodies (1:50, each) for 1 h at room 

temperature. Following wash and mount, images were acquired with a Zeiss LSM Pascal 

laser-scanning confocal microscope. DyLight 488 and DyLight 550 were excited at 488 and 

543 nm and emission collected at 505–530 and >560 nm, respectively. Colocalization was 

determined using Coloc_2 analysis tool in Fiji image processing software (Schindelin et 

al., 2012). Mander’s overlap coefficient was used to quantify the degree of colocalization 

following background subtraction.

In situ proximity ligation assay (PLA)

Endogenous UTR and RGS2 interaction in GMCs was studied using the Duolink in situ 

PLA kit (Olink Bioscience, Uppsala, Sweden) (Soderberg et al., 2006). GMCs were cultured 

sparsely in a 16-well glass chamber slide (Thermo Scientific). The cells were fixed and 

permeabilized using immunofluorescence staining protocol described above. After blocking 
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nonspecific binding sites with Duolink blocking solution, GMCs were incubated with anti-

UTR and anti-RGS2 antibodies (1:40, each) overnight at 4°C in Duolink antibody diluent. 

Negative control slides were incubated with anti-UTR only or anti-RGS2 plus anti-UTR 

pre-incubated with a UTR antigen-blocking peptide. Next day, the cells were washed and 

incubated with Duolink secondary antibodies conjugated with oligonucleotides (anti-mouse 

PLA probe Minus and anti-rabbit PLA probe Plus) in a pre-heated humidity chamber for 

1 h at 37°C. Thereafter, the cells were incubated with a ligation solution for 30 min at 

37°C. The oligonucleotides hybridize to the two PLA probes only if they are in close 

proximity (<40 nm separation), while a ligase joins the two hybridized oligonucleotides 

to form a closed circle. Ligation of the oligonucleotides was followed by a rolling-circle 

amplification reaction, resulting in a repeated sequence product. The amplification products 

were then detected by a fluorescently labeled complementary oligonucleotide detection 

probes. Slides were mounted with a mounting medium containing DAPI nuclear stain (Olink 

Bioscience). PLA signals (red fluorescent dots) were imaged and analyzed using Zeiss 

confocal microscope and Duolink Image Tool (Olink Bioscience), respectively.

siRNA transfection

Transfection complexes consisting of siRNA and siPORT NeoFX Transfection Reagent 

(Life Technologies) were prepared in Opti-MEM medium (Life Technologies). GMCs were 

transfected with a pool of 3 target-specific RGS2 siRNA (~1 μg) or a non-targeting control 

siRNA (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for 72 h. Effective knockdown of 

RGS2 was confirmed by Western immunoblotting.

Intracellular Ca2+ [Ca2+]i imaging

GMCs were seeded sparsely on 29 mm glass-bottom dishes with 14 mm micro-well (In 

Vitro Scientific, Sunnyvale, CA). The cells were washed three times in PBS and incubated 

with Fura-2-acetoxymethyl ester (Fura-2 AM; 10 μM), and 0.5% pluronic F-127 for ~45 min 

at room temperature in modified Krebs’ solution (MKS; 134 mM NaCl, 6 mM KCl, 1.2 mM 

CaCl2, 1 mM MgCl2, 10 mM HEPES, and 5.5 mM glucose, pH 7.4). The cells were then 

washed for ~30 min before imaging to de-esterify Fura-2 AM molecules. [Ca2+]i imaging 

was performed at room temperature using a ratiometric fluorescence system (Ionoptix 

Corp., Milton, MA) coupled to a Zeiss Axio Observer A1 inverted microscope equipped 

with a Fluar 40× oil-immersion objective. Fura-2 fluorescence was recorded by exciting at 

wavelengths of 340 and 380 nm using a hyperswitch light source (Ionoptix Corp.). Fura-2 

fluorescence was collected simultaneously from cells located in the same field. Only one 

field was imaged per dish. Background-subtracted Fura-2 ratios were collected at 510 nm 

using a MyoCam-S CCD digital camera (Ionoptix Corp.) and analyzed with IonWizard 

software (Ionoptix Corp.).

GMC contractility measurement

GMC contraction was measured at room temperature by recording changes in planar 

surface area of individual GMC plated in glass-bottom dishes. Digital images of cells with 

well-defined perimeters were documented. Cell perimeters under control and experimental 

conditions were outlined and planar surface area calculated using ImageJ software (NIH, 
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Bethesda, MD). The surface area of a GMC after treatment with a pharmacological agent 

was compared with its original size.

Antibodies and chemicals

Mouse monoclonal anti-RGS2 and rabbit polyclonal anti-CYK18 antibodies were purchased 

from Abgent, Inc. (San Diego, CA). Rabbit polyclonal anti-UTR antibodies were purchased 

from Alpha Diagnostic International, Inc. (San Antonio, TX) and Alomone Lab (Jerusalem, 

Israel). Mouse monoclonal anti-GAPDH antibody was purchased from GeneScript 

(Piscataway, NJ). Anti-α-SMA primary and DyLight conjugated secondary antibodies were 

purchased from Abcam (Cambridge, MA). HRP-conjugated anti-rabbit and anti-mouse 

secondary antibodies were purchased from Thermo Scientific and Abcam, respectively. 

2,3,6-tri-O-butyryl-myo-inositol 1,4,5-trisphosphate-hexakis (acetoxymethyl) ester (Bt-IP3), 

Fura-2 AM, Pluronic F-127, mUII, SB657510, araguspongin B, thapsigargin, Lanthanum 

(III) chloride heptahydrate, nimodipine, glycine, and β-mercaptoethanol were purchased 

from A.G. Scientific (San Diego, CA), Life Technologies, AnaSpec (Fremont, CA), Phoenix 

Pharmaceuticals (Burlingame, CA), Tocris Bioscience (Bristol, UK), Cayman Chemical 

(Ann Arbor, MI), Axxora (San Diego, CA), Sigma-Aldrich, Tocris, MP Biomedical (Solon, 

OH), and Sigma-Aldrich, respectively.

Data analysis

All data are expressed as mean ± standard error of mean (SEM). Changes in peak Fura-2 

340/380 nm emission ratio were determined. Statistical analysis was calculated using InStat 

statistics software (Graph Pad, Sacramento, CA). Statistical significance was determined 

using Student’s t-tests for paired or unpaired data and analysis of variance with Student–

Newman–Keuls post hoc test for multiple comparisons. A P value <0.05 was considered 

significant.

Results

UTR is expressed in murine GMCs

PCR amplification with primers specific for UTR generated an amplicon of the expected 

size (513 bp) from mouse kidney and GMC cDNAs (Fig. 1A). Western blot analysis 

using a polyclonal rabbit anti-UTR antibody (Alpha Diagnostic International) revealed a 

prominent ~45 kDa band, slightly higher than the expected 42 kDa (Fig. 1B). Another 

immunoreactive band of ~85 kDa was detected on the blots (Fig. 1B). These bands were 

blocked by preabsorption of the antibody with a UTR antigen-blocking peptide (Fig. 1B). 

Immunostaining and confocal microscopy also detected UTR in the cells (Fig. 1C). These 

data indicate that UTR is expressed in murine GMCs.

mUII elevates [Ca2+]i in murine GMCs

The physiological function of UII in GMCs was investigated by exploring the effect of 

mUII on [Ca2+]i in murine GMCs. mUII (1 μM) increased Fura-2 ratio from a baseline 

of 0.67 ± 0.03 to a peak of 1.62 ± 0.13 (n = 14), indicating that mUII elevates [Ca2+]i 

concentration in GMCs. SB657510, a selective UTR antagonist did not alter basal [Ca2+]i 

when applied alone (Supplemental Fig. 2A), but attenuated mUII-induced [Ca2+]i elevation 
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in the cells (Fig. 2A,B). Next, the role of inositol 1,4,5-trisphosphate receptor (IP3R)-

mediated endoplasmic reticulum (ER) Ca2+ release in mUII-induced [Ca2+]i elevation was 

studied. Inhibition of ER-localized IP3Rs by araguspongin B did not change basal [Ca2+]i 

level when applied alone (Supplemental Fig. 2A), but attenuated [Ca2+]i elevation induced 

by Bt-IP3, a membrane permeant IP3R agonist (Supplemental Fig. 2B,C). Araguspongin 

B also reduced mUII-induced [Ca2+]i elevation in murine GMCs (Fig. 2B). These data 

suggest that IP3R-mediated ER Ca2+ release contributes to mUII-induced [Ca2+]i elevation 

in murine GMCs. Depletion of the ER Ca2+ store with thapsigargin, a sarco/endoplasmic 

reticulum Ca2+-ATPase (SERCA) inhibitor increased Fura-2 ratio from a baseline of ~0.64 

to a peak of ~1.6 (Supplemental Fig. 2A) and essentially abolished mUII-induced [Ca2+]i 

elevation in murine GMCs (Fig. 2B). Nimodipine, an L-type Ca2+ channels blocker did 

not alter both basal and mUII-induced [Ca2+]i elevation in murine GMCs (Fig. 2B and 

Supplemental Fig. 2A). La3+, a store-operated Ca2+ (SOC) channel blocker did not change 

basal GMC [Ca2+]i when applied alone (Supplemental Fig. 2A), but significantly reduced 

mUII-induced [Ca2+]i elevation in the cells (Fig. 2B). In the absence of extracellular Ca2+, 

mUII caused a transient increase in Fura-2 ratio indicative of Ca2+ release from the ER store 

(Fig. 2C,D). Subsequent addition of extracellular Ca2+ resulted in a larger increase in [Ca2+]i 

(Fig. 2C,D). Collectively, these findings indicate that activation of UTR by mUII stimulates 

IP3R-mediated ER Ca2+ release, leading to SOCE and an elevation in [Ca2+]i concentration 

in murine GMCs.

mUII stimulates murine GMC contraction

The functional effect of mUII-induced [Ca2+]i elevation in murine GMCs was studied by 

measuring changes in planar cell surface area. mUII caused a ~20% reduction in planar 

GMC surface area (Fig. 3A,B). Thapsigargin reduced GMC surface area by ~23% when 

applied alone (Supplemental Fig. 3). However, SB657510, araguspongin B, nimodipine, 

and La3+ did not significantly change original cell surface area (Supplemental Fig. 3). As 

shown in Figure 3B, mUII-induced decrease in planar GMC surface area was attenuated by 

SB657510, araguspongin B, thapsigargin, and La3+. In contrast, mUII-induced reduction in 

cell surface area was unaltered by nimodipine (Fig. 3B). These data show that mUII-induced 

SOCE results in murine GMC contraction.

Endogenous RGS2 and UTR colocalize and interact in murine GMCs

Regulation of UTR by endogenous RGS2 was investigated. First, RGS2 expression in 

murine GMCs was examined. RT-PCR experiments revealed that RGS2 (amplicon size: 

555 bp) is expressed in the cells (Fig. 4A). Western immunoblotting using a monoclonal 

mouse anti-RGS2 antibody also detected a ~24 kDa band, corresponding to the approximate 

molecular mass of RGS2 (Fig. 4B). Next, immunofluorescence staining and in situ PLA 

were used to investigate colocalization and interaction between endogenous UTR and RGS2 

in murine GMCs. Confocal laser scanning microscopy showed that UTR colocalizes with 

RGS2 in the cells (Percentage of colocalization: 59.6 ± 1.4; n = 20 cells; Fig. 4C). PLA 

signals are detected when two PLA probes bind to two different antibodies that are bound 

to proteins in close proximity (illustrated in Fig. 4D). PLA signals (red fluorescent dots) 

were absent in control GMCs labeled with only anti-UTR antibody or anti-RGS2 plus 

anti-UTR pre-incubated with a UTR antigen-blocking peptide indicating that there is no 

ADEBIYI Page 7

J Cell Physiol. Author manuscript; available in PMC 2024 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



non-specific binding of the PLA probes (Fig. 4D). In contrast, PLA signals were detected 

in GMCs labeled with anti-UTR and anti-RGS2 antibodies. Collectively, these data suggest 

that endogenous RGS2 and UTR colocalize and interact in murine GMCs.

mUII elevates plasma membrane RGS2 expression in murine GMCs

Figure 4C suggests that a portion of RGS2 is located intracellularly. To investigate whether 

activation of UTR recruits RGS2 to the plasma membrane, the cellular distribution of 

RGS2 and proximity between endogenous RGS2 and UTR in control and mUII-treated 

murine GMCs was studied using cell surface protein biotinylation and in situ PLA. GAPDH, 

an intracellular protein was detected in total and non-biotinylated, but not in biotinylated 

protein fractions (Fig. 5A,C). These results suggest that the biotinylated fractions contained 

only plasma membrane proteins. Treatment of murine GMCs with mUII did not alter 

RGS2 total protein (Fig. 5A,B). Approximately 6% of RGS2 total protein was present in 

biotinylated fractions of untreated GMCs (Fig. 5C,D). However, ~14% of RGS2 total protein 

was detected in biotinylated fraction of GMCs treated with mUII (Fig. 5C,D). Treatment of 

murine GMCs with mUII also elevated PLA signals in the cells by ~25% (Fig. 5E). These 

findings indicate that RGS2 is predominantly localized intracellularly in murine GMCs, and 

that activation of UTR by UII elevates the association between endogenous RGS2 and UTR 

in the cells.

RGS2 inhibits mUII-induced [Ca2+]i elevation and contraction in murine GMCs

Transfection of GMCs with RGS2 siRNA reduced RGS2 protein expression by ~63% 

(Fig. 6A,B). However, RGS2 siRNA did not alter UTR protein expression (Fig. 6A,B). 

mUII-induced [Ca2+]i elevation was increased by ~35% in RGS2 siRNA-transfected cells 

(Fig. 7A,B). Similarly, mUII-induced decrease in planar cell surface area was larger (~31%) 

in RGS2 siRNA-transfected cells when compared with the control (Fig. 7C). These data 

indicate that endogenous RGS2 inhibits mUII-induced [Ca2+]i elevation and contraction 

in murine GMCs. Collectively, these findings suggest that mUII stimulates redistribution 

of RGS2 to GMC plasma membrane as a negative feedback mechanism to regulate mUII-

induced [Ca2+]i elevation and contraction (Fig. 8).

Discussion

The main findings of this study are that: (1) UTR is expressed in murine GMCs; (2) mUII 

stimulates [Ca2+]i elevation and contraction in murine GMCs; (3) mUII-induced [Ca2+]i 

elevation and contraction in murine GMCs are inhibited by SB 657510, a UTR antagonist, 

araguspongin B, an IP3R antagonist, thapsigargin, a SERCA inhibitor, and La3+, a SOC 

channel blocker, but not nimodipine, an L-type Ca2+ channel blocker; (4) endogenous 

RGS2 localizes with UTR in murine GMCs; (5) mUII elevates RGS2 plasma membrane 

association and interaction between RGS2 and UTR in murine GMCs; (6) siRNA-mediated 

knockdown of RGS2 increases mUII-induced [Ca2+]i elevation and contraction in murine 

GMCs. In summary, this study provides new evidence indicating that UII modulates 

mesangial tone by stimulating SOCE, and that this physiological activity is regulated by 

RGS2.
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UTR expression has been demonstrated in rat renal arterioles, distal tubules, inner medullary 

collecting duct and thin limbs of Henlé and porcine renal epithelial cell line and afferent 

arterioles (Matsushita et al., 2003; Song et al., 2006; Soni and Adebiyi, 2013). Data from 

the present study signify that UTR is also expressed in renal GMCs. The molecular mass 

of UTR is ~42 kDa (Boucard et al., 2003). A ~60 kDa glycosylated form of UTR has also 

been observed in COS-7 cells overexpressing UTR, human adrenal samples, and newborn 

pig renal afferent arterioles (Boucard et al., 2003; Giuliani et al., 2009; Soni and Adebiyi, 

2013). Here, immunoreactive bands migrating at ~45 and 85 kDa were essentially abolished 

by UTR antigen blocking peptide. Conceivably, the ~45 and 85 kDa bands represent 

unglycosylated and glycosylated UTR isoforms, respectively.

This study reveals for the first time that UII-induced activation of UTR stimulates [Ca2+]i 

elevation and reduces planar GMC surface area, indicating that the physiological actions of 

UII in the kidney include regulation of mesangial tone. Genetic and structural similarities 

between UII and somatostatin peptides have been proposed (Pearson et al., 1980; Tostivint 

et al., 2006). UII also activated UTR and somatostatin receptors in rat aorta, CHO-K1 

cells expressing porcine somatostatin receptors, and HEK293/aeq17 cells stably expressing 

rat UTR (Liu et al., 1999; Rossowski et al., 2002; Malagon et al., 2008). However, in 

contrast to the effect of UII observed in this study, somatostatin relaxed human GMCs 

(Garcia-Escribano et al., 1993; Diez-Marques et al., 1995). Thus, it appears that despite their 

structural similarities, UII and somatostatin differentially regulate GMC contraction. GMC 

contractility is controlled by different Ca2+ signaling pathways, including SOCE, receptor-

operated Ca2+ entry (ROCE), and Ca2+ influx through L-type Ca2+ channels (Iijima et al., 

1991; Stockand and Sansom, 1998; Du et al., 2007). SOCE activation occurs following 

depletion of SR/ER Ca2+ in response to activation of PLC-coupled GPCRs (Parekh and 

Putney, 2005). Conversely, ROCE activation is independent of SR/ER Ca2+ release (Parekh 

and Putney, 2005). Here, depletion of ER Ca2+ store essentially abolished mUII-induced 

[Ca2+]i elevation in murine GMCs. ER Ca2+ depletion also attenuated mUII-induced GMC 

contraction. La3+, a non-selective cation channel blocker effectively blocked SOC channels 

in human GMCs (Ma et al., 2000). In this study, La3+ inhibited mUII-induced [Ca2+]i 

elevation and contraction in murine GMCs. In contrast, blockade of L-type Ca2+ channels 

did not alter mUII-induced [Ca2+]i elevation and contraction in the cells, suggesting that 

mUII-induced [Ca2+]i elevation and contraction in murine GMCs occur independently of 

L-type Ca2+ channels. Taken together, these data indicate that activation of UTR by UII 

stimulates SOCE and contraction in GMCs, consistent with a recent study in vascular 

smooth muscle cells (Dominguez-Rodriguez et al., 2012).

The molecular components of SOC channels have been described to include the transient 

receptor potential (TRP) and Orai channels and stromal interacting molecule 1 (STIM1), an 

ER-localized Ca2+ sensor (Salido et al., 2011). UII-induced SOCE in rat coronary artery 

smooth muscle cells and vasoconstriction are mediated by STIM1 and Orai1 channels 

(Dominguez-Rodriguez et al., 2012). Native SOC channels in human GMCs have been 

proposed to include the canonical transient receptor potential (TRPC) 1, 4, and STIM1 

complexes (Sours-Brothers et al., 2009). A study has also demonstrated that TRPC4 

channels mediate SOCE in murine GMCs (Wang et al., 2004). Perhaps, mUII-induced 

SOCE in murine GMCs involves STIM1 protein and Orai1, and/or TRPC channels. 
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However, given the molecular and functional diversity of SOC channels in different cell 

types, future investigations are necessary to delineate the molecular components of SOC 

channels that mediate mUII-induced [Ca2+]i elevation and contraction in murine GMCs.

Accumulating evidence suggests that renal RGS2 is involved in mechanisms that underlie 

cardiovascular homeostasis. Mice lacking RGS2 developed renal vascular hypertrophy and 

hypertension (Heximer et al., 2003). RGS2 regulates vasopressin-mediated renal water 

reabsorption capacity in mice (Zuber et al., 2007). Ablation of RGS2 from non-renal 

tissues, including peripheral blood vessels did not alter blood pressure in mice, whereas 

mice lacking RGS2 only in the kidneys developed hypertension, suggesting that direct 

renal actions of RGS2 regulate blood pressure (Gurley et al., 2010). Expressions of 

RGS3 and RGS5 have been demonstrated in adult and fetal mouse GMCs, respectively 

(Gruning et al., 1999; Cho et al., 2003). Overexpression of RGS3 in human GMCs reduced 

endothelin-1-induced [Ca2+]i elevation and mitogen-activated protein kinase activity (Dulin 

et al., 1999). However, there is a paucity of information regarding the physiological 

functions of endogenous RGS proteins in GMCs. Findings here show for the first time 

that RGS2 is expressed in GMCs. Immunofluorescence staining indicated that endogenous 

RGS2 is localized in the plasma membrane, cytoplasmic, and nuclear regions of murine 

GMCs. These data are consistent with previous studies indicating that RGS2 protein is 

distributed between the plasma membrane and cytosolic cellular compartments (Bowman 

et al., 1998; Heximer et al., 2001; Salim et al., 2003; Gu et al., 2007; Takimoto et al., 

2009). However, in another report, RGS2 was located in the nuclei, but not in the plasma 

membrane of COS-7 cells expressing GFP-tagged RGS2 (Chatterjee and Fisher, 2000). 

These conflicting findings suggest that cellular localization of RGS2 may be dependent on 

cell type. Additionally, cellular distribution of transiently expressed RGS2 in mammalian 

cells may inadequately reflect that of the endogenous protein. Molecular proximity between 

endogenous RGS2 and UTR in unstimulated GMCs suggests that a basal coupling may 

exist between the two proteins. It is also possible that some RGS2 proteins are associated 

with the plasma membrane and/or plasma membrane-localized proteins in close spatial 

proximity to UTR. Indeed, RGS2 exhibits a stable association with the plasma membrane 

of HEK cells via its N-terminal amphipathic domain (Heximer et al., 2001; Gu et al., 

2007). RGS2 can also interact with and regulate ion channels at the plasma membrane 

independently of GPCR signaling (Schoeber et al., 2006). Cell surface protein biotinylation 

showed that a large portion of endogenous RGS2 is localized intracellularly. To test the 

hypothesis that UII-induced activation of UTR relocalizes RGS2 to the plasma membrane, 

the cellular distribution of RGS2 and proximity between endogenous RGS2 and UTR in 

mUII-treated GMCs were studied. Treatment of GMCs with UII did not alter RGS2 total 

protein. However, mUII elevated plasma membrane, but reduced cytosolic fractions of RGS2 

protein. PLA also suggest that mUII increased the interaction between RGS2 and UTR 

in the cells. Hence, it appears that UII-induced activation of UTR recruits more RGS2 

to the plasma membrane. Similarly, endothelin-1 stimulated RGS3 translocation from the 

cytosol to the plasma membrane in human GMCs stably overexpressing RGS3 (Dulin et 

al., 1999). In contrast, agonists did not alter plasma membrane localization of GFP-RGS2 

in HEK293 cells overexpressing β2 adrenergic, M2 muscarinic, and AngII AT1A receptors 

(Roy et al., 2003). It is possible that agonist-induced redistribution of intracellular RGS 
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proteins is dependent on cell type and/or whether endogenous or overexpressed proteins 

are studied. mUII-induced RGS2 plasma membrane association may act as a negative 

feedback regulation of UTR activation in GMCs. The hypothesis that RGS2 regulates UTR 

signaling in murine GMCs is supported by data showing an increase in mUII-induced 

[Ca2+]i elevation and contraction by targeted knockdown of RGS2.

In conclusion, the present study demonstrates that mUII-induced activation of UTR 

stimulates store-operated Ca2+ entry and contraction in murine GMCs. Findings here also 

suggest that UTR activation stimulates intracellular RGS2 recruitment to GMC plasma 

membrane as a negative feedback mechanism to regulate mUII-induced [Ca2+]i elevation 

and contraction. Alterations in mesangial tone by vasoactive mediators may modulate renal 

filtration (Stockand and Sansom, 1997). Whether UII-induced contraction of GMCs alters 

glomerular hemodynamics requires further investigations.
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Fig. 1. 
UTR is expressed in murine GMCs. A: Representative gel images showing PCR 

amplification of UTR transcript (513 bp) in murine kidneys and GMCs. Amplified 

UTR transcript was confirmed by sequencing analysis (data not shown). B: Western 

immunoblotting showing UTR protein isoforms in murine GMCs. Blots also show that a 

UTR antigen-blocking peptide blocks UTR detection. Blots were stripped and re-probed for 

β-actin. C: Immunofluorescence staining demonstrating UTR localization in murine GMCs. 

Negative controls prepared by preabsorption of UTR antibody with a UTR antigen-blocking 

peptide did not show fluorescence. Bar = 10 μm; ab, antibody.
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Fig. 2. 
mUII elevates [Ca2+]i in murine GMCs. A: Exemplar traces illustrating that mUII (1 

μM)-induced [Ca2+]i elevation is inhibited by SB657510 in murine GMCs. B: Mean 

mUII-induced changes in Fura-2 ratio in control (n = 14) and SB657510 (5 μM; n = 7)-, 

araguspongin B (3 μM; n = 6)-, thapsigargin (100 nM; n = 10)-, nimodipine (1 μM; n = 5)-, 

and La3+ (50 μM;n = 5)-treated murine GMCs. C: Exemplar trace illustrating mUII-induced 

SOCE in murine GMCs. D: Mean mUII-induced changes in Fura-2 ratio in the absence 

(+0.1 mM EGTA) and presence of extracellular Ca2+ (n = 8). Cells were pretreated with 

blockers/antagonists for ~15 min before the effects of mUII on [Ca2+]i was measured. *P < 

0.05 versus control; #P < 0.05 versus 0 mM Ca2+ +EGTA.
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Fig. 3. 
mUII stimulates murine GMC contraction. A: Original brightfield images showing a murine 

GMC before and after mUII (1 μM) treatment. Arrows indicate a reduction in planar cell 

surface area. B: Mean mUII-induced decrease in surface area in control (n = 15) and 

SB657510 (5 μM; n = 10)-, araguspongin B (3 μM;n = 10)-, thapsigargin (100 nM; n = 7)-, 

nimodipine (1 μM; n = 6)-, and La3+ (50 μM; n = 10)-treated murine GMCs. Cells were 

pretreated with blockers/antagonists for ~15 min before the effects of mUII on planar cell 

surface area was measured *P < 0.05 versus control. Bar = 20 μm.
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Fig. 4. 
Endogenous RGS2 and UTR colocalize and interact in murine GMCs. A: A representative 

gel image showing RT-PCR amplification of RGS2 transcript (555 bp) in murine GMCs. 

Amplified RGS2 transcript was confirmed by sequencing analysis (data not shown). 

B: Western immunoblotting illustrating RGS2 protein expression in murine GMCs. C: 

Immunofluorescence staining of murine GMCs demonstrating that RGS2 colocalizes with 

UTR. D: In situ PLA detects interaction between UTR and RGS2 in murine GMCs. Yellow 

arrows point to PLA signals (red fluorescence). Illustrations on the panels indicate that PLA 

signals were absent in control cells labeled with only anti-UTR or anti-RGS2 plus anti-UTR 

pre-incubated with a UTR antigen-blocking peptide, whereas PLA signals were detected 
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in cells labeled with both anti-UTR and anti-RGS2 antibodies. Bar = 10 μm; BP, blocking 

peptide.
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Fig. 5. 
mUII elevates RGS2 plasma membrane association in murine GMCs. A: Western blot and 

(B) mean data (n = 4) illustrating that total endogenous RGS2 protein is unchanged in 

mUII (1 μM)-treated murine GMCs. C: Western blot and (D) mean data (n = 4 each) 

demonstrating that endogenous RGS2 is predominantly localized intracellularly in murine 

GMCs and that RGS2 plasma membrane expression is elevated in mUII-treated cells. Total 

and non-biotinylated immunoreactive protein bands were normalized to those of GAPDH. E: 

Mean data showing PLA signal per cell in control and mUII (1 μM)-treated murine GMCs. 
#P < 0.05 versus membrane RGS2; *P < 0.05 versus untreated cells.
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Fig. 6. 
RGS2 knockdown does not alter UTR expression in murine GMCs. A: Western blot and (B) 

mean data (n = 5 each) illustrating that RGS2 siRNA induces knockdown of RGS2, but does 

not alter UTR protein expression in murine GMCs. *P < 0.05.
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Fig. 7. 
RGS2 inhibits mUII-induced [Ca2+]i elevation and contraction in murine GMCs. A: 

Representative traces and (B) mean data illustrating mUII (1 μM)-induced changes in Fura-2 

ratio in control siRNA (n = 9)- and RGS2 siRNA (n = 8)-transfected murine GMCs. C: 

Mean data showing mUII-induced reductions in surface area in control siRNA (n = 11)- and 

RGS2 siRNA (n = 12)-transfected murine GMCs. *P < 0.05 versus control siRNA.
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Fig. 8. 
Schematic diagram of the hypothetical pathways by which RGS2 regulates UII-induced 

UTR activation in murine GMCs. UII-induced activation of Gαq/11-coupled UTR stimulates 

PLC/IP3-mediated ER Ca2+ release, resulting in Ca2+ entry via store-operated Ca2+ channels 

(SOCC) and contraction. A portion of RGS2 is associated with GMC plasma membrane. 

UII-induced activation of UTR recruits more intracellular RGS2 to the plasma membrane 

as a negative feedback mechanism to regulate UTR signaling. SERCA, sarco/endoplasmic 

reticulum Ca2+-ATPase.
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TABLE 1.

Oligonucleotide primer sequences

Gene Sequence GenBank accession number Length (bp)

UTR NM_145440.1 513

 Forward 5′-TGCCATCCGGCTGGTCCGTA-3′

 Reverse 5′-TGCTGGAGGTGGACACGGCT-3′

RGS2 NM_009061.4 555

 Forward 5′-GACCGAATGCTGTGCCGTGC-3′

 Reverse 5′-TGCCCATGCCAGGTGTCTGGA-3′
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