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3Department of Biological Chemistry, University of California, Los Angeles 90095

Abstract

Chronic activation of microglia is a driving factor in the progression of neuroinflammatory 

diseases, and mechanisms that regulate microglial inflammatory signaling are potential targets for 

novel therapeutics. Regulator of G protein Signaling 10 is the most abundant RGS protein in 

microglia, where it suppresses inflammatory gene expression and reduces microglia-mediated 

neurotoxicity. In particular, microglial RGS10 downregulates the expression of pro-inflammatory 

mediators including cyclooxygenase 2 (COX-2) following stimulation with lipopolysaccharide 

(LPS). However, the mechanism by which RGS10 affects inflammatory signaling is unknown and 

is independent of its canonical G protein targeted mechanism. Here, we sought to identify non-

canonical RGS10 interacting partners that mediate its anti-inflammatory mechanism. Through 

RGS10 co-immunoprecipitation coupled with mass spectrometry, we identified STIM2, an 

endoplasmic reticulum (ER) localized calcium sensor and a component of the store-operated 
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calcium entry (SOCE) machinery, as a novel RGS10 interacting protein in microglia. Direct 

immunoprecipitation experiments confirmed RGS10-STIM2 interaction in multiple microglia and 

macrophage cell lines, as well as in primary cells, with no interaction observed with the 

homologue STIM1. We further determined that STIM2, Orai channels, and the Ca2+−-dependent 

phosphatase calcineurin are essential for LPS-induced COX-2 production in microglia, and this 

pathway is required for the inhibitory effect of RGS10 on COX-2. Additionally, our data 

demonstrated that RGS10 suppresses SOCE triggered by ER calcium depletion and that ER 

calcium depletion, which induces SOCE, amplifies proinflammatory genes. In addition to COX-2, 

we also show that RGS10 suppresses the expression of proinflammatory cytokines in microglia in 

response to thrombin and LPS stimulation, and all of these effects require SOCE. Collectively, the 

physical and functional links between RGS10 and STIM2 suggest a complex regulatory network 

connecting RGS10, SOCE, and pro-inflammatory gene expression in microglia, with broad 

implications in the pathogenesis and treatment of chronic neuroinflammation.

Keywords

Regulator of G protein Signaling (RGS)10; microglia; neuroinflammation; store-operated calcium 
entry (SOCE); toll-like receptor (TLR); stromal interaction molecule (STIM)2; cyclooxygenase 
(COX)-2

1. Introduction

Chronic inflammation is an underlying mechanism for the initiation and progression of 

multiple diseases[1]. Chronic activation of microglia cells is a driving factor of 

neuroinflammation and a hallmark of several neurodegenerative diseases including 

Parkinson’s disease, Alzheimer’s disease, and Multiple Sclerosis [2]. Aberrant activation of 

microglia leads to amplified production of proinflammatory cytokines, prostaglandins, and 

other neurotoxic molecules, ultimately contributing to neuroinflammation and 

neurotoxocity[2, 3]. Therefore, targeting novel molecular mechanisms for the regulation of 

microglial inflammatory signaling is a promising therapeutic strategy for neurodegenerative 

diseases.

Regulator of G protein Signaling 10 (RGS10) is the most abundant RGS protein in 

microglia, where it exerts anti-inflammatory and neuroprotective effects [4-7]. A series of 

studies by Lee et al. [6, 7] demonstrated that RGS10 knockout mice display significantly 

more activated microglia and higher levels of inflammatory cytokines. Further, loss of 

RGS10 exacerbates inflammation-induced toxicity of dopaminergic neurons, suggesting a 

neuroprotective role of RGS10[5-7]. This anti-inflammatory role of RGS10 is also observed 

and consistently modeled in BV2 microglia, a suitable cellular model for neuroinflammation 

studies[8]. We and others have shown that loss of RGS10 in BV2 microglia cells enhances 

the expression of various pro-inflammatory cytokines in response to toll-like receptor 4 

(TLR4) activation[4, 6, 7, 9]. In particular, RGS10 downregulates Lipopolysaccharide 

(LPS)-stimulated expression of multiple pro-inflammatory genes, including a profound 

negative regulation of the inflammatory kingpin cyclooxygenase-2 (COX-2) and its primary 

metabolic product Prostaglandin E2 (PGE2)[4].
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RGS proteins canonically act as GTPase accelerating proteins (GAPs) for heterotrimeric G 

proteins and inhibit signaling initiated by G protein-coupled receptors; this GAP function is 

mediated through interaction with activated G protein subunit[10, 11]. However, the 

mechanism by which RGS10 affects LPS-induced pro-inflammatory gene expression is 

independent of its canonical G protein targeted mechanism and does not require G protein 

interaction [4]. This suggests that novel RGS10 interacting partners may account for its 

effect on regulating LPS/TLR4 proinflammatory signaling. The goal of this study was to 

identify and validate non-canonical microglial RGS10 interacting partners that may mediate 

the anti-inflammatory functions of RGS10. Here, we describe a novel interaction between 

RGS10 and stromal interaction molecule 2 (STIM2) and establish STIM2 as an important 

regulator of LPS-induced inflammatory gene expression in microglia. STIM2 is an 

endoplasmic reticulum (ER) calcium sensor which detects ER calcium depletion and triggers 

store-operated calcium entry (SOCE) via activation of plasma membrane Orai 

channels[12-14]. This study characterizes the physical and functional interaction of RGS10 

and STIM2 and defines the role of the SOCE pathway on RGS10’s anti-inflammatory 

function.

2. Results

2.1. RGS10 interaction partners in microglia

We previously demonstrated that RGS10 regulates inflammatory gene expression in 

microglia through a G protein-independent mechanism [4]. To identify RGS10 interacting 

proteins that may mediate this activity, wildtype BV-2 cell total cell lysates were 

immunoprecipitated with either control IgG or RGS10 antibody, and retained proteins were 

eluted and analyzed. Robust and selective RGS10 pulldown was observed, with no 

detectable RGS10 immunoreactivity remaining in the supernatant following 

immunoprecipitation (IP), and no detectable RGS10 precipitating with control IgG. RGS10 

immunoreactivity was fully recovered in a single round of elution (Figure S1A). The elution 

fractions were subjected to protease digestion and reversed-phase separation coupled to 

tandem mass spectrometry. As expected, we identified strong RGS10 enrichment along with 

the classic RGS interacting proteins guanine nucleotide-binding protein subunits Gαi2 and 

Gαi3. In addition to the canonical G protein partners, we identified 23 proteins that were 

specifically enriched in RGS10 co-IP compared to control IgG pulldown with a SAINT 

score of 0.8 or higher (Table S1). Consistent with previous reports of RGS10 distribution 

throughout the cytoplasm and nucleus[15], more than half of the interacting proteins are 

localized in these two compartments (Figure S1B). To validate the data obtained from LC-

MS/MS analysis, we conducted direct co-IP experiments probing for select individual 

proteins, including Gαi3, STIM2, Syntaxin 5, and PDE4A (Figure S1C). These results 

indicate that endogenous RGS10 physically interacts—directly or indirectly—with multiple 

non-classic binding partners in BV2 microglia, suggesting potentially diverse, non-canonical 

roles for RGS10.

2.1.2. RGS10-STIM2 interaction—Of the potential novel RGS10-interacting proteins, 

STIM2 was of particular interest because of its prominent role in Ca2+ signaling in immune 

cells and its implicated role in regulating inflammatory responses in microglia and 
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macrophages [16-18]. In particular, STIM2 in macrophages facilitate LPS-induced 

production of multiple pro-inflammatory genes in macrophages, including TNFα, IL-6, and 

IL-1β[18], and these cytokines are also known to be regulated by RGS10 in microglia[4, 6, 

9]. To characterize RGS10 interaction with STIM2, we first assessed the specificity of the 

co-immunoprecipitation experiment. We performed RGS10 immunoprecipitation (IP) in 

RGS10-null BV2 microglia in which RGS10 expression has been disrupted using CRISPR 

(RGS10−/−) and in control CRISPR BV2 cells (control) which express a normal level of 

endogenous RGS10 [4] using both RGS10 and control IgG antibodies. We observed no 

STIM2 or RGS10 immunoreactivity precipitating with RGS10 antibody in knockout lysates, 

or with control IgG in control lysates, thereby ruling out non-specific immunoprecipitation 

(Figure 1A). We also observed RGS10-STIM2 co-immunoprecipitation (co-IP) in N9 

microglia and RAW264.7 macrophage cell lines, and in primary mouse peritoneal 

macrophages (Figure 1B). Collectively, these data suggest that endogenous RGS10 

specifically interacts with STIM2 in vitro and in primary immune cells.

STIM2 shares approximately 50% identity with its homolog STIM1[19], which is also 

expressed in microglia and is implicated in the regulation of inflammatory signaling [17, 

20], suggesting a possible interaction of RGS10 with STIM1. However, STIM1 was not 

identified as an interacting protein in our proteomics results or direct RGS10 co-IP (Table S1 

& Figure 1C), indicating that RGS10 selectively associates with STIM2. In addition to 

binding calcium ions directly, STIM2 also binds the calcium-binding regulatory protein 

calmodulin (CaM) [21], and a Ca2+-dependent interaction between RGS10 and CaM has 

been reported in other cellular models [22, 23]. Therefore, we predicted that CaM may serve 

as a bridge between RGS10 and STIM2 to facilitate Ca2+-dependent interaction in 

microglia. To examine this, we tested whether CaM co-precipitates with RGS10 in BV2 

cells and if Ca2+-CaM regulates the RGS10-STIM interaction. We did not observe a 

difference in the extent of RGS10-STIM2 interaction in co-IP assays performed in the 

presence of excess calcium or the calcium chelator EGTA, while STIM1 did not co-IP with 

RGS10 under the conditions tested (Figure 1D). We also did not detect an interaction 

between RGS10 and CaM under these conditions, regardless of calcium level. These results 

suggest that RGS10 interaction with STIM2 does not require calcium or calmodulin. 

Immunoprecipitations for proteomics analysis and experiments shown in Figures 1A-D were 

performed on total cell lysates containing sodium deoxycholate (SDC), while previous 

studies that detected RGS10-CaM interaction were performed in the absence of this 

detergent[23]. We confirmed Ca2+-dependent RGS10 interaction with CaM in BV2 cell 

lysates prepared with lower stringency co-IP buffer lacking SDC (Figure 1E). Our results 

collectively suggest a robust, calcium-insensitive interaction between RGS10 and STIM2, 

and a detergent-sensitive, Ca2+-dependent interaction between RGS10 and CaM.

Given that RGS10 suppresses inflammatory signaling triggered by TLR4 activation, we next 

determined whether RGS10-STIM2 interaction in microglia is regulated by LPS. We 

compared RGS10-STIM2 co-IP in resting BV2 cells or cells activated by LPS for 3 hours, a 

time point that corresponds to the initiation of LPS stimulated expression of 

proinflammatory mediators[24, 25]. We did not observe a difference in RGS10-STIM2 

interaction in co-IP experiments, suggesting that the interaction of RGS10 and STIM2 is not 
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impacted by LPS stimulation at this time point (Figure 1F), although it remains possible that 

LPS triggers a transient change in this interaction.

2.2. Role of STIM2 and Orai-Calcineurin pathway in COX-2 regulation

Previous studies have implicated the role of STIM2 in regulating inflammatory signaling[18, 

26]. In particular, Sogkas et al. [18] showed that STIM2 knockout mice are resistant to LPS-

induced inflammation in vivo and that primary macrophages isolated from STIM2 knockout 

mice display impaired TLR-4 induced expression of pro-inflammatory genes. STIM2 

facilitates migration and phagocytosis of microglia in response to extracellular 

nucleotide[17], but its role in regulating microglial inflammatory responses has not been 

explored. Here, we examined the effect of STIM2 on the inflammatory signaling events that 

are modulated by RGS10, in particular the regulation of COX-2 by TLR4 activation. COX-2 

expression is highly inducible in response to inflammatory stimuli including the bacterial 

epitope LPS [27, 28]. We show that transient transfection of STIM2 siRNA in BV2 cells 

resulted in greater than 75% reduction of STIM2 protein levels and inhibited LPS-induced 

COX-2 protein by approximately 50%, indicating that STIM2 is required for maximal LPS 

stimulated COX-2 expression (Figure 2A-C). STIM2 siRNA did not affect the expression of 

the STIM homologue STIM1, ruling out an off-target effect (Figure S2). LPS treatment 

suppressed RGS10 expression as we and others have previously reported [4, 9], but it caused 

a marked increase in STIM2 protein level (Figure 2A&B). These results suggest that STIM2 

facilitates LPS-stimulated COX-2 expression.

The established role of STIM proteins is to serve as a sensor for endoplasmic reticulum (ER) 

Ca2+ store depletion and to couple this depletion to extracellular Ca2+ entry through 

activation of plasma membrane Orai channels, a mechanism known as store-operated 

calcium entry (SOCE) [29, 30]. Orai channels are strongly coupled to the activation of the 

Ca2+-dependent phosphatase calcineurin and downstream targets which regulate calcium-

dependent inflammatory gene expression [16, 31-34]. To define the role of the Orai-

calcineurin function in regulating LPS response, we examined LPS-induced COX-2 gene 

expression following pharmacologic inhibition of either Orai using YM58483 (YM), or 

calcineurin using cyclosporin A (CsA). Inhibition of either Orai channels or calcineurin 

significantly blocked LPS-induced COX-2 production in BV2 microglia (Figure 2D), 

suggesting that the SOCE pathway is essential for COX-2 production in response to TLR4 

activation. To validate whether this pathway mediates a similar function in other cell lines, 

we examined the effect of YM and CsA on LPS-induced COX-2 expression in N9 cells, an 

alternative immortalized cell line (Figure 2E). We observed a similar effect in N9 cells in 

which YM and CsA significantly reduced COX-2 expression. In addition to BV2 and N9 

cells, we also confirmed our result in primary microglia in which Orai inhibition blocked 

LPS-induced COX-2 transcript levels (Figure 2F). Altogether, our data suggest that 

components of the SOCE pathway, including STIM2, Orai, and calcineurin, are essential for 

LPS-induced COX-2 production.
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2.3. Impact of STIM2 and Orai-Calcineurin signaling axis on RGS10 sensitive COX-2 
expression.

The observed effect of STIM2 expression and Orai/calcineurin activity on LPS-stimulated 

COX-2 expression contrasts our previous observation that loss of RGS10 expression 

upregulates LPS-induced COX-2[4]. This opposing effects of STIM2 and RGS10 on LPS 

signaling, along with the observed biochemical interaction, suggested a potential functional 

link between RGS10 and STIM2. To determine the role of STIM2 in RGS10-sensitive 

COX-2 expression, we performed STIM2 knockdown in Control and RGS10−/− BV2 cells. 

STIM1, STIM2, and Orai protein levels were unchanged in RGS10−/− cells (data not 

shown). As expected, LPS-induced COX-2 expression was enhanced in RGS10−/− cells 

compared to control cells as expected, but this upregulation was significantly inhibited by 

STIM2 knockdown (Figure 3A-C). In cells with STIM2 knockdown, loss of RGS10 did not 

significantly enhance LPS-stimulated COX-2 expression. Similarly, the observed 

upregulation of COX-2 mRNA and protein in RGS10 knockout cells was inhibited in the 

presence of either the Orai inhibitor YM (Figure 3D&E) or the calcineurin inhibitor CsA 

(Figure 3F&G). Collectively, our data demonstrate that the STIM2-Orai-calcineurin pathway 

is required for RGS10-mediated regulation of LPS-induced COX-2 production.

2.4. Effect of calcium store depletion on LPS stimulated COX-2 expression.

Since the SOCE pathway is activated following ER Ca2+ store depletion[29, 30], we 

examined whether ER calcium depletion itself affects LPS-induced COX-2 production. We 

pretreated BV-2 cells with the SERCA-Ca2+-ATPase inhibitor Thapsigargin (TG) to trigger 

ER calcium depletion prior to LPS stimulation and examined its effect on transcript and 

protein levels of COX-2 and RGS10. A short-term (20 min) pretreatment with TG before 

LPS (PreTG) enhanced LPS-mediated induction of COX-2 transcript and protein levels 

more than fivefold over the effect seen with LPS alone (Figure 4A & B). TG pre-treatment 

also enhanced LPS-induced downregulation of RGS10 protein level (Figure 4A), suggesting 

that ER calcium depletion amplifies positive regulation of COX-2 and negative regulation of 

RGS10 expression in response to LPS. To delineate whether the TG-induced transient 

calcium elevation or the secondary SOCE response is responsible for enhancing LPS-

stimulated COX-2 expression, we co-treated cells with LPS and either the Orai inhibitor 

(YM) or the calcineurin inhibitor (CsA), following TG pretreatment. Both YM and CsA 

significantly suppressed TG-mediated upregulation of LPS-induced COX-2 expression 

(Figure 4C), indicating that the effect of thapsigargin on COX-2 expression is dependent on 

the SOCE pathway. Altogether, these results suggest that the STIM2-Orai-calcineurin 

mediated SOCE pathway, which is triggered by ER depletion, amplifies LPS-stimulated 

COX-2 expression.

2.5. SOCE effect in RGS10-regulated pro-inflammatory genes

Although we focused on COX-2 as a known target of RGS10 regulation, both RGS10 and 

STIM2 also regulate other pro-inflammatory cytokines in response to LPS[4, 6, 9, 18]. To 

examine the dual effect of RGS10 and SOCE on additional genes, we analyzed the effect of 

Orai inhibitor on tumor-necrosis factor-alpha (TNFα), interleukin-6 (IL-6), and inducible 

nitric oxide synthase (iNOS) expression in BV2 cells after treatment with different LPS 
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doses (1 ng/mL and 10 ng/mL). Similar to the effect for COX-2 (Figure S3A), loss of 

RGS10 enhanced LPS-induced TNFα and IL-6 transcripts at both LPS doses tested, and this 

upregulation was blunted by Orai inhibition (Figure 5A & B). Similar regulation of iNOS 

expression was observed, but only at the lower LPS dose (Figure S3B). To further validate 

the role of SOCE on RGS10 function, we performed similar experiments in primary 

microglia isolated from wild type and RGS10 knockout mice. As expected, RGS10 

transcript was depleted in RGS10 knockout primary microglia compared to wild type cells, 

and LPS suppressed RGS10 transcript in cells expressing RGS10 (Figure 5C). Consistent 

with our BV2 data, we observed that primary microglia lacking RGS10 had greater LPS-

stimulated COX-2 and IL-6 expression, and this effect was fully inhibited in the presence of 

Orai inhibitor (Figure 5D & E). Orai inhibition also significantly inhibited TNFα expression 

in RGS10 knockout primary microglia, although the upregulation of TNFα in RGS10 

knockout primary microglia compared to wildtype cells was not significant (Figure 5F). 

Altogether, these data suggest that RGS10 regulates LPS-stimulated pro-inflammatory gene 

expression in microglia through a mechanism that requires SOCE.

2.6. RGS10 and SOCE role in thrombin signaling

LPS is a commonly used stimulus to model neuroinflammation associated with 

neurodegeneration[35, 36], but multiple other mediators are implicated in mediating 

inflammation in the context of CNS injury. To explore responses associated with CNS 

injury, we examined the role of RGS10 and SOCE in pro-inflammatory responses of 

microglia to thrombin, a physiologically relevant endogenous stimulus[37]. We observed 

significant upregulation of COX-2, TNFα, and IL-6 transcript expression in RGS10 

knockout BV2 cells compared to control cells in response to thrombin treatment (Figure 6A-

C). Similar to the effect observed for LPS, the Orai-inhibitor restored RGS10 loss-mediated 

upregulation of COX-2 and IL-6 expression (Figure 6A & B). Orai inhibition also 

significantly suppressed thrombin-induced TNFα expression in RGS10 knockout cells, yet it 

did not fully restore TNFα upregulation (Figure 6C). We also observed a similar trend for 

iNOS transcript, yet the effect of both RGS10 and Orai was not statistically significant (data 

not shown). Overall, our results suggest that RGS10 regulates thrombin-stimulated pro-

inflammatory gene expression in BV2 microglia through a mechanism involving SOCE.

2.7. RGS10 effect on store-operated calcium entry (SOCE)

Given the opposing involvement of the STIM2/SOCE pathway in mediating RGS10-

sensitive pro-inflammatory gene expression, we hypothesized that RGS10 may also regulate 

store-operated calcium entry. To evaluate the role of RGS10 in SOCE, we conducted live 

cell calcium imaging of control and RGS10−/− BV2 cells loaded with the fluorescent Ca2+ 

indicator Cal-520-AM. A transient rise in cytoplasmic calcium was triggered upon ER 

calcium depletion using thapsigargin (TG) in the absence of extracellular calcium. Following 

a return to baseline cytoplasmic calcium levels, extracellular Ca2+ was added to allow store-

operated calcium entry (SOCE) (Figure 7A and B). Compared to control BV2 cells, 

RGS10−/− cells displayed a reduced initial TG-induced calcium transient, while the SOCE 

peak was significantly enhanced (Figure 7B and C). This resulted in a SOCE:TG peak 

height ratio of 1.1 for control cells and 2.0 for RGS10−/− cells. This suggests a closer 

coupling of ER calcium depletion and extracellular calcium entry in the absence of RGS10 

Wendimu et al. Page 7

Cell Signal. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared to control cells, and the ability of endogenous RGS10 to blunt extracellular 

calcium entry in response to ER calcium depletion.

3. Discussion

Chronic activation of microglia is a driving factor in the progression of neuroinflammatory 

diseases[2], and mechanisms that regulate microglial inflammatory signaling are potential 

targets for novel therapeutics[38, 39]. The small Regulator of G-protein Signaling 10 protein 

(RGS10) impacts the pathophysiology of diverse diseases[40], as demonstrated in various 

animal and cellular disease models[6, 23, 41-46]. Among these broad effects, the role of 

RGS10 in microglia stands out as the most pronounced and most clearly tied to pathology. 

Specifically, microglial RGS10 suppresses the expression of multiple pro-inflammatory 

genes, including a particularly profound negative regulation of COX-2 and other pro-

inflammatory cytokines downstream of LPS/TLR4 activation[4, 6, 7]. While RGS10 holds 

great promise as an anti-inflammatory drug target, its mechanism of action is mediated 

through an unknown G protein-independent mechanism [4].

In this study, we identified a non-canonical interaction of microglial RGS10 with STIM2, an 

ER-resident calcium sensor and component of the store-operated calcium entry (SOCE) 

machinery[12, 13, 47]. Our collective findings revealed a bi-directional and opposing 

regulation of LPS-stimulated inflammatory gene expression by RGS10 and STIM2. The 

regulation of inflammatory gene expression is mediated by multiple pathways and 

components[48-53]. Recently, a direct link between LPS signaling and store-operated 

calcium entry has been explored in microglia. Mizuma and colleagues[54] demonstrated that 

LPS induces SOCE in BV2 cells, and inhibition of SOCE suppresses downstream 

inflammatory responses including the activation of NFkB and NFAT, suggesting the 

importance of microglial SOCE to LPS signaling. Our data extend this finding to implicate 

STIM2, Orai, and calcineurin in facilitating LPS-stimulated response and in mediating 

RGS10-sensitive pro-inflammatory gene expression. In particular, we demonstrated the 

requirement of the STIM2-Orai-Calcineurin signaling axis for RGS10-mediated regulation 

of COX-2 expression in response to LPS. We also determined that the upstream trigger of 

SOCE, the depletion of store calcium, amplifies the pro-inflammatory effect of LPS. 

Additionally, our results revealed a new role of RGS10 in the regulation of SOCE triggered 

by store depletion. Collectively, our data demonstrate a complex signaling network linking 

LPS, RGS10, and SOCE which suggests that the ability of RGS10 to form a complex with 

and/or modulate the activity of the store calcium machinery may account for its G protein-

independent anti-inflammatory effects (Figure 8).

Similar to RGS10-mediated modulation of COX-2, RGS10 also regulated LPS-induced 

expression of IL-6, TNFα, and to a lesser extent iNOS, in a mechanism that requires SOCE. 

Multiple receptor stimuli can trigger both calcium depletion from the ER and inflammatory 

gene expression [55]. Therefore, the ability of RGS10 to regulate SOCE may impact pro-

inflammatory responses downstream of different stimuli besides the TLR4 agonist LPS, in 

particular regulation of pathways that converge with SOCE. Previous reports showed that the 

endogenous agonist thrombin elicits cytoplasmic Ca2+ release from the ER and triggers 

SOCE in endothelial cells [56-58]. Thrombin is a pro-inflammatory agonist that has been 
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shown to activate microglia via G protein-coupled proteinase-activated receptors (PARs)

[59]. We demonstrated that loss of RGS10 in BV2 microglia enhanced thrombin-mediated 

expression of pro-inflammatory genes including COX-2, TNFα, and IL-6, indicating that 

RGS10’s anti-inflammatory effect is not limited to the regulation of TLR4 response. 

Inhibition of SOCE also blunted the upregulation of thrombin-stimulated expression of these 

pro-inflammatory genes in response to RGS10 loss. Therefore, the ability of RGS10 to 

regulate both thrombin and LPS pro-inflammatory responses through a common 

downstream mechanism involving SOCE suggests a broad anti-inflammatory role for 

RGS10. We have previously demonstrated that RGS10 does not regulate acute activation of 

NFkB, MAPK, and AKT pathways following LPS stimulation [4].NFAT is a likely 

candidate for mediating the effect of RGS10 downstream of Orai-calcineurin activation, and 

multiple NFAT family members; in particular NFATc1 and NFATc2 have been reported to 

have prominent expression in microglia[60]. Ongoing studies will characterize the effect of 

RGS10 on NFAT expression, activation, and translocation in response to multiple stimuli.

STIM1 and STIM2 are localized throughout the ER under basal conditions with high ER 

calcium, but upon ER calcium depletion, the STIM proteins undergo conformational 

rearrangement and form homo- and/or hetero-dimers that translocate to ER-PM junctions, 

where they can bind and activate Orai channels, triggering SOCE [61, 62]. Despite the close 

homology between STIM1 and STIM2, our results indicate that RGS10 specifically interacts 

with STIM2 and not STIM1, and the interaction with STIM2 does not depend on calcium. 

These results are consistent with a basal interaction of RGS10 and STIM2 that does not 

include STIM1-STIM2 heterodimers. It is possible that RGS10 interaction with STIM2 may 

inhibit the formation of STIM1/2 heterodimers, which would allow RGS10 to indirectly 

impact STIM1 function without physically interacting with STIM1. While this study 

uncovered a functional link between RGS10 and STIM2, it did not delineate the specific role 

of this biochemical interaction. It is plausible that the anti-inflammatory function of RGS10 

and its ability to alter SOCE may be mediated by its interaction with STIM2, which may 

alter the functional response of STIM2 including conformational activation, dimerization, 

and/or STIM/Orai coupling [61, 62]. Ongoing biochemical and signaling studies are 

examining the role and biochemical requirements of the RGS10-STIM2 interaction. For 

example, it is important to determine if STIM2 directly binds RGS10 or if their interaction 

reflects mutual enrichment in a multi-protein complex regulated by other factors such as 

subcellular localization, G protein activation, or additional binding partners. Given the lack 

of defined functional domains in RGS10 other than the highly conserved RGS domain, 

which is shared among all members of the RGS protein family [63], further biochemical 

studies should determine if the RGS10-STIM2 interaction is mediated by the RGS domain 

and whether STIM2 also associates with this domain in other RGS proteins.

Calcium Release-Activated Calcium (CRAC) proteins including Orai channels represent the 

primary route for store-operated calcium entry (SOCE). Despite limited knowledge of the 

role of microglial SOCE, STIM2 and the components of CRAC channels have been 

implicated in several acute and chronic neuropathological conditions including PD, AD, 

ischemic stroke, and traumatic brain injury (TBI) [64]. Therefore, RGS10’s ability to 

suppress SOCE and its broad anti-inflammatory response in microglia has implications for 

many neurodegenerative diseases with underlying chronic neuroinflammation. RGS10 is 
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also expressed in multiple other cells and modulates immune signaling and other functions 

in macrophages [65], osteoclasts [23, 66], T-lymphocytes [45, 67], cardiomyocytes [46], 

neurons [5], and cancer cells [41, 44]. Although many functions of RGS10 have been 

identified in these systems, the exact molecular mechanisms governing these functions are 

not understood. Therefore, the involvement of STIM2 and SOCE in RGS10’s anti-

inflammatory molecular mechanism has implications beyond neuroinflammation, to include 

diverse pathologies in which RGS10 function is implicated, such as multiple sclerosis [45], 

cancer chemoresistance [41, 44], cardiac hypertrophy [46], and bone disorders [23, 66].

4. Conclusion

This study identified a novel interaction between RGS10 and STIM2 in microglia and 

demonstrated that STIM2 and the downstream SOCE pathway are essential for LPS-induced 

inflammatory gene expression. Suppression of STIM2 expression or inhibition of the Orai-

calcineurin signaling axis impaired RGS10’s inhibition of inflammatory gene expression. 

Our study also revealed a new role for RGS10 in regulating SOCE, which may account for 

the G protein-independent anti-inflammatory mechanism of RGS10 in microglia.

5. Materials and Methods

5.1. Cells and Reagents

The murine BV2 microglial cell line was a generous gift from G. Hasko at the University of 

Medicine and Dentistry of New Jersey (Newark, NJ), and was generated by Blasi et al. [68]. 

RAW 264.7 macrophage cell line was purchased from ATCC (T1B-71). The N9 microglia 

cell line was a generous gift from N. Filipov at the University of Georgia [69]. CRISPR/

Cas9 control and Crispr/Cas9 RGS10 knockout BV2 cell lines were established by our 

group, as previously described [4]. Wild type and RGS10 knockout breeder mice were gifted 

to us from J.K Lee at the University of Georgia, and have previously been used for 

neuroinflammation research[5-7]. The compounds used in this study are Lipopolysaccharide 

(Sigma-Aldrich: L2880), Thrombin (Sigma-Aldrich: T4648), Cyclosporin A (FagronLab: 

803651), YM-58483 (Tocris Bioscience: 3939), and Thapsigargin (Abcam: ab120286).

5.2. Cell Culture

BV2, N9, and RAW264.7 cell lines and isolated mouse peritoneal macrophages were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) (37 °C, 5% CO2) 

supplemented with 10% low-endotoxin fetal bovine serum (FBS) (Thermo Fischer 

Scientific: 10082147), and 1% penicillin/streptomycin (P/S). Mixed glia and isolated 

microglia cultures were maintained similarly but using DMEM/Hams F-12 50/50 mix 

medium (Corning: 10-090-CV).

5.3. Primary Cell Isolation

Primary microglia were isolated from mixed cortical cultures using a modified protocol 

adapted from previous studies[70, 71]. Briefly, 1-3 days old wild type and RGS10 knockout 

postnatal mouse pups were anesthetized using isoflurane, and whole brains were collected. 

After removing the cerebellum and meninges, tissues from the two hemispheres were cut 
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into small pieces and digested with 0.25% trypsin for 20 min at 37°C. Digested tissue was 

further mechanically dissociated by trituration and filtered through a 40 μm filter. Single-cell 

suspensions were plated onto a poly-D-lysine (PDL)-coated T75 tissue culture flasks (2-3 

brains/flask) and maintained in FBS-containing DMEM/F12 medium. The growth medium 

was changed on days 3 and 7, and an additional medium was added to the mixed glia culture 

on day 10 followed by microglia isolation on day 15. Microglia were isolated by shaking the 

confluent mixed glial culture at 130 RPM (37°C) for 3-4h, and non-adherent microglia cells 

were centrifuged for 5 min at 400g (4°C) and resuspended with growth media. Cells were 

plated in PDL-coated 12-well plates (0.25×106 cells/well) and cultured for additional 2 days 

prior to experimental treatments.

Mouse peritoneal macrophages were elicited by intraperitoneal injection of 3% thioglycolate 

broth from adult mice (Millipore Sigma: 70157). Macrophages were harvested 4 days post-

injection via peritoneal lavage with cold PBS, as previously detailed[72]. Harvested cells 

were cultured for 24h in a 10cm dish with DMEM, supplemented with 10% FBS and 1% 

P/S. After 24h, cells washed with PBS and continued to grow for an additional 24h prior to 

immunoprecipitation experiments.

5.4. Immunoprecipitation

Immunoprecipitation (IP) experiments for mass spectrometry (MS) analysis were performed 

using BV2 microglia cells plated in six 15 cm dishes and grown to ~85% confluency. Cells 

were washed twice with PBS and harvested with 1mL of modified lysis buffer (50 mM Tris 

HCl, 150 mM NaCl, 6mM MgCl2, 1% Nonidet P-40, 0.5% sodium deoxycholate), 

containing protease/phosphatase inhibitor cocktail (Cell Signaling Technology). Cell lysates 

were incubated on ice for 30 min, and insoluble cellular debris was removed by 

centrifugation at 27,216 g for 10 min at 4°C. Cleared lysates were incubated overnight at 

4°C with 2 μg/mL agarose-conjugated goat polyclonal RGS10 antibody (Santa Cruz 

Biotechnology: sc-6206AC) or agarose-conjugated goat IgG antibody (Santa Cruz 

Biotechnology: sc-2346). Samples were centrifuged at 410 g for 5 min, and pellets were 

washed 3 times with wash buffer (50mM Tris HCl, 150 mM NaCl, 6 mM MgCl2). 

Immunoprecipitating proteins were eluted from agarose-conjugated beads by incubation 

with 100 μL elution buffer (0.15 M glycine, pH 2.6) for 10 min at room temperature with 

gentle shaking. Eluted samples were centrifuged again to remove beads (410g, 5 min, 4°C), 

and the supernatant was neutralized with an equal volume of 1M Tris HCl, pH 8, and 

subsequently subjected to overnight acetone precipitation (4x volume) at −20° C. Samples 

were centrifuged twice (16,000 g, 10 min, 4°C) with an acetone wash in between 

centrifugation. The final pellet was air-dried for 30 min prior to LC/MS-MS analysis.

Follow-up co-IP validations were performed in cells grown in a 10cm dish. Cells were 

harvested as indicated above, but lysates were split in half and immunoprecipitated with 

either 2 μg/mL of goat RGS10 antibody (Santa Cruz Biotechnology: sc-6206) or normal 

goat IgG (R&D Systems: AB-109-C). Subsequently, lysates were incubated with 20 μL of a 

50% slurry of Protein G-conjugated sepharose (GE Healthcare: 17-0618-01) for 2 h at 4°C, 

and centrifuged at 410 g for 5 minutes. The beads were washed twice with PBS and 

resuspended with 50 μl of 2X SDS-PAGE sample buffer for western blot analysis. Co-IP 
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experiments in N9 cells, RAW264.7 cells, and primary peritoneal macrophages were 

conducted following the same protocol. Calcium-containing co-IP experiments were 

conducted similarly, but cleared lysates were incubated with either CaCl2 (1mM) or EGTA 

(0.5 mM) for 1 h at 4°C prior to immunoprecipitation.

5.5. Mass Spectrometry

Acetone precipitated immunoprecipitates were resuspended in digestion buffer (100 mM 

Tris pH 8.5, 8M urea) and then reduced, alkylated, and digested by the sequential addition of 

lys-c and trypsin proteases as previously described[73]. Digested samples were then 

fractioned online by C18 reversed-phase chromatography and then analyzed by tandem mass 

spectrometry using a Thermofisher Fusion Lumos Mass Spectrometer as described[74]. 

MS/MS data were analyzed using MSGF+ for peptide identification, Percolator for decoy 

database-based statistical filtering, Fido for protein interference, and SAINT algorithm for 

the identification of proteins enriched in RGS10 IPs relative to control IPs[75-77].

5.1. Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated from cells with TRIzol reagent (Invitrogen). cDNA was synthesized 

using the High-Capacity Reverse Transcriptase cDNA kit (Applied Biosystems). Real-time 

PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems). The 

housekeeping β-actin gene was used for data normalization and relative mRNA abundance 

was calculated using the 2−ΔΔCT method. Mouse primers sequences used for RT-PCR are 

listed as follows: RGS10, 5’-CCCGGAGAATCTTCTGGAAGACC-3’ (forward) and 5’-

CTGCTTCCTGTCCTCCGTTTTC-3’ (reverse); TNFα, 5’-

CCTGTAGCCCACGTCGTAG-3’ (forward) and GGGAGTAGACAAGGTACAACCC 

(reverse); COX-2, 5’-TGCAAGATCCACAGCCTACC-3’ (forward) and 5’-

GCTCAGTTGAACGCCTTTTG-3’ (reverse); IL-6, 5’-

CTGCAAGAGACTTCCATCCAG-’3 (forward) and 5’-

AGTGGTATAGACAGGTCTGTTGG-3’ (reverse); β-actin, 5’-

GGCTGTATTCCCCTCCATCG-3’ (forward) and 5’-CCAGTTGGTAACAATGCCATGT-3’ 

(reverse). Primers for RGS10 and TNFα were purchased from Integrated DNA Technology, 

and COX-2 and β-actin primers were obtained from Sigma-Aldrich.

5.2. Western Blot Analysis

Cell lysates were subject to SDS-PAGE followed by transfer to nitrocellulose membranes 

using standard protocols, as previously detailed[9]. Membranes were blocked with 5% milk 

and incubated overnight with the following primary antibodies: goat anti-RGS10 (Santa 

Cruz Biotechnology: sc-6206), mouse anti-COX-2 (Santa Cruz Biotechnology: sc-166475), 

mouse anti-Syntaxin 5 (Santa Cruz Biotechnology: sc-365124), mouse anti-GAPDH 

(Thermo Fisher Scientific: am4300), mouse anti-Calmodulin (MilliporeSigma: 05-173), 

rabbit anti-GNAI3 (Proteintech: 11641-1-AP), rabbit anti-STIM1 (Proteintech: 11565-1-

AP), rabbit anti-STIM2 (Proteintech: 21192-1-AP), and rabbit anti-PDE4A (Proteintech: 

16226-1-AP). Primary antibodies, except for GAPDH (1:6000), were used at 1:500-1:1000 

dilutions. Membranes were subsequently incubated for 1h with the following secondary 

antibodies (1:5000): donkey anti-goat IgG-HRP (Santa Cruz Biotechnology: sc-2020), goat 

anti-rabbit IgG-HRP (MilliporeSigma: 12-348), and goat anti-mouse IgG HRP (Bethyl 
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Laboratories: A90-116P). Immunoreactivity of HRP was detected using Supersignal West 

Pico Chemiluminescent Substrate (Pierce). Western Blot images were quantified using 

FluorChem HD2 software (Proteinsimple), and quantified data were normalized to the 

endogenous control GAPDH.

5.3. Small Interfering RNA Transfection

Mouse STIM2 small interfering RNA (siRNA) (sc-76592) and control siRNA (sc-37007) 

were purchased from Santa Cruz Biotechnology. Transfection was performed using 

Lipofectamine-LTX with PLUS reagent (Thermo Fisher Scientific: 15338100) according to 

the manufacturer’s protocol, with a final siRNA concentration of 60 nM in an antibiotic-free 

culture media. Cells were harvested 48 h after transfection. STIM2 protein western blotting 

was used to assess knockdown efficiency, and STIM1 protein level was measured to assess 

target specificity.

5.4. Calcium Imaging

CRISPR-control BV2 and CRISPR-RGS10 knockout cells were plated on 35mm MatTek 

glass-bottom dishes. Prior to loading, cells were washed twice with Ringer Solution (155 

mM NaCl, 3 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 3 mM NaH2PO4, 10 mM Hepes, pH 

7.3, and glucose 10 mM). Cells were loaded with 5μM Cal-520, AM (Abcam: ab171868) in 

Ringer buffer in the presence of 1mM Probenecid (Sigma Aldrich: P8761) in the dark at 

37°C for 20 mins. Cells were washed twice and the media was replaced with Ringer Buffer 

supplemented with 100 μM EGTA to chelate contaminating calcium. Fluorescent imaging 

was performed at 37°C using an Olympus 1X-71 inverted fluorescence microscope with a 

Photometrics CoolSnapHQ charge-coupled device (CCD) camera driven by DeltaVision 

software (Applied Precision). Images were collected every 3 s for a total of 15 min, and 

traces were transformed in videos using SoftWorx suite 2.0 software (Applied Precision). 

Images were processed using the FIJI ImageJ software suite[78], and the fluorescence signal 

at each time point was normalized to the baseline fluorescence of each cell.

5.5. Statistical Analysis

All quantified data were analyzed using GraphPad Prism Software and assessed for 

normality using D’Agostino & Pearson omnibus normality test. Statistical differences 

between groups were determined using student’s t-test or one-way ANOVA followed by 

Tukey post hoc analysis. Data are presented as mean ± SEM pooled from a minimum of 

three independent experiments. The p-value cutoff ranges are indicated by *p < 0.05, 

**p<0.01, and ***p<0.001.
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Refer to Web version on PubMed Central for supplementary material.
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• RGS10 has diverse non-canonical interaction partners in microglia, including 

the regulator of store operated calcium entry STIM2.

• RGS10 downregulates Thrombin- and LPS-induced inflammatory gene 

expression via STIM2 and downstream SOCE pathway.

• RGS10 blunts SOCE triggered by store calcium depletion in microglia.
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Figure 1. Specificity and regulation of RGS10-STIM2 interaction.
A) Control (Con.) and RGS10 knockout (R10−/−) BV2 total cell lysate (TCL) 

immunoprecipitated (IP) with RGS10 (R10) and control (IgG) antibodies followed by 

immunoblotting (IB) for RGS10 and STIM2. B) RGS10 IP in N9 microglia (left panel), 

RAW264.7 macrophages (middle panel), and primary peritoneal macrophages (right panel), 

followed by IB for RGS10 and STIM2. C) RGS10 IP in wild type BV2 cells followed by IB 

for RGS10, STIM2, and STIM1. D. RGS10 and control IP from BV2 cells incubated for 1 

hour with lysis buffer alone (Veh) or in the presence of either CaCl2 (1mM) or EGTA 

(0.5mM), followed by IB for RGS10, STIM1, STIM2, and CaM. E) RGS10 IP conducted as 

in (D) but in the absence of sodium deoxycholate. F) RGS10 IP from BV2 cells treated with 

vehicle or LPS (10 ng/mL) for 3 h, followed by IB for RGS10 and STIM2. All figures are 

representative of three independent experiments.
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Figure 2. STIM2 and the Orai-calcineurin signaling axis are required for LPS-stimulated COX-2 
expression.
A-C) BV2 cells were transfected with control siRNA (Con) or STIM2-targeted siRNA 

(Stim2). 24 hours after transfection, cells were treated with either serum-free media (Veh) or 

LPS (10 ng/mL) for additional 24 hours. A) Immunoblot (IB) of BV2 cells probed for 

COX-2, STIM2, RGS10, and GAPDH. B) Densitometry analysis of Stim2 data in (A) 

normalized to GAPDH. C) Normalized densitometry analysis of COX-2 data in (A). D) 
BV2 cells were pre-treated with Veh, or media containing either the Orai inhibitor YM58483 

(YM) (10 uM) or the calcineurin inhibitor cyclosporin (CsA) (100 ng/mL) for 1 hour prior to 

a 24-hour incubation with Veh or LPS (10 ng/mL). COX-2 and GAPDH protein level was 

analyzed by IB (top panel), and quantified figures are shown (bottom panel). E) IB data of 

N9 cells treated as in (D), but with a modified LPS dose (100 ng/mL). F) Primary microglia 

isolated from postnatal mouse pups were pretreated with a Veh or YM (10 uM) for 1 hour, 

followed by treatment with Veh or LPS (10 ng/mL) for 24 h. Relative COX-2 mRNA 

expression analyzed by quantitative real-time PCR (qRT-PCR) normalized to an endogenous 

control β-actin (2−ΔΔCt). qRT-PCR and western blot data were normalized to the lowest 

values, and representative data are presented as mean ± SEM pooled from three independent 

experiments. *p < 0.05, **p<0.01, and ***p<0.001, determined by one-way ANOVA 

followed by Tukey post hoc test.
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Figure 3. The STIM2-Orai-Calcineurin signaling axis mediates RGS10 sensitive COX-2 
expression.
A-C) CRISPR-control (+/+) and RGS10 knockout (−/−) BV2 cells were transfected with 

control siRNA (Con) or STIM2-targeted siRNA (Stim2). 24 hours after transfection, cells 

were treated with either serum-free media (Veh) or LPS (10 ng/mL) for additional 24 hours. 

A) Immunoblot (IB) of BV2 cells probed for COX-2, STIM2, RGS10, and GAPDH. B) 
Densitometry analysis of Stim2 data in (A) normalized to GAPDH. C) Normalized 

densitometry analysis of COX-2 data in (A). D-E) Control and RGS10 knockout BV2 cells 

(RGS10−/−) were treated with Veh or media containing 10 μM YM58483 (YM) for 1 hour 

prior to a 24-hour incubation with Veh or LPS (10 ng/mL). Relative COX-2 mRNA 

expression was analyzed by qRT-PCR (D). IB of COX-2, RGS10, and GAPDH (left panel) 

and representative densitometry of COX-2 band intensity normalized to GAPDH (right 

panel) (E). F-G) Control and RGS10−/− cells treated with either Veh, 100ng/mL 

cyclosporine (CsA) and/or LPS (10 ng/mL) for 24 hours. Relative COX-2 mRNA expression 

was analyzed by qRT-PCR (F). Representative IB images of COX-2, RGS10, and GAPDH 

(left panel) and densitometry of COX-2 band normalized to GAPDH (right panel) (G). qRT-

PCR data are normalized to endogenous control β-actin (2−ΔΔCt). Fold difference of qRT-

PCR and WB densitometry data were calculated after normalizing to a Veh treatment, and 

data represent mean ± SEM pooled from three independent experiments. *p < 0.05, 

**p<0.01, and ***p<0.001, determined by one-way ANOVA followed by Tukey post hoc 

test.
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Figure 4. Depletion of calcium from intracellular stores amplifies LPS effects on COX-2 and 
RGS10 expression.
A-B) Wildtype BV2 cells were pretreated with vehicle or 1μM thapsigargin (TG) for 20 

minutes. TG-containing media was removed and replaced by fresh media containing either 

vehicle or LPS (10 ng/mL) for 24 hours. A). Representative IB images of COX-2, RGS10, 

and GAPDH (left panel), and densitometry quantification (bar graphs). B) Relative COX-2 

mRNA expression was analyzed by qRT-PCR. C) Representative IB images of COX-2 and 

GAPDH (left panel), and densitometry quantification (bar graph) of BV2 cells pretreated 

with TG as in (A-B) followed by LPS, alone or LPS in combination with either Orai 

inhibitor (YM) and calcineurin inhibitor (CsA). qRT-PCR data are normalized to 

endogenous control β-actin (2-ΔΔCt). Fold differences of qRT-PCR and WB densitometry 

data were calculated after normalizing to vehicle conditions, and data represent mean ± 

SEM pooled from three independent experiments. *p < 0.05, **p<0.01, and ***p<0.001, 

determined by one-way ANOVA followed by Tukey post hoc test.
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Figure 5. RGS10 requires SOCE to regulate LPS-induced pro-inflammatory genes in BV2 and 
primary microglia.
A&B) CRISPR-control (Control) and RGS10 knockout (RGS10−/−) BV2 cells were 

pretreated for 1 hour with serum-free medium (Veh) or the Orai inhibitor YM58483 (YM) 

(10 μM) prior to 24-hour incubation with Veh, LPS (1 ng/mL) or LPS (10 ng/mL). Relative 

expression of IL-6 transcript (A) and TNFα transcript (B) are analyzed by quantitative real-

time PCR (qRT-PCR). C-F) Primary microglia from wild type (WT) and RGS10 knockout 

(RGS10−/−) mice were treated as in (A&B), and relative expression of RGS10 transcript 

(C), COX-2 transcript (D), IL-6 transcript (E), and TNFα transcript (F) are analyzed by 

qRT-PCR. Data are normalized to endogenous control β-actin (2−ΔΔCt) and fold differences 

are calculated after normalizing to vehicle treatment groups. Data represent mean ± SEM 

pooled from 7-8 experiments for BV2 cells (A-C) and three experiments for primary 

microglia (D-G). *p < 0.05, **p<0.01, and ***p<0.001, determined by one-way ANOVA 

followed by Tukey post hoc test.
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Figure 6. Loss of RGS10 upregulates thrombin-stimulated pro-inflammatory genes in BV2 
microglia in SOCE-dependent mechanism.
CRISPR-control (Control) and RGS10 knockout (RGS10−/−) BV2 cells were treated with 

Fatty acid-free BSA (Veh) or Thrombin (10 U/mL) for 4 hours with or without a 1-hour 

pretreatment with Orai inhibitor YM58483 (YM) (10 μM). Relative expression of COX-2 

transcript (A), IL-6 transcript (B), and TNFα transcript (C) are analyzed by qRT-PCR. Data 

are normalized to endogenous control β-actin (2−ΔΔCt) and fold difference is calculated after 

normalizing to the vehicle treatment group of control cells. Represented data are mean ± 

SEM pooled from 4-5 independent experiments. *p < 0.05, **p<0.01, and ***p<0.001, 

determined by ANOVA followed by Tukey post hoc test.
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Figure 7. Loss of RGS10 enhances store-operated calcium entry (SOCE) triggered by ER 
depletion.
BV2 cells were loaded with 5 μM CAL520-AM for 20 min at 37°C and incubated in 

calcium-free buffer containing EGTA. Live cell imaging was initiated at time=0, and TG (1 

μM) and Ca2+ (1.8 mM) were added at 60 sec and 300 sec, respectively. Images were 

captured every 3 sec. A) Representative fluorescence images of control BV2 cells at 

indicated time points. B) Quantified tracings of average fluorescence intensity in CRISPR-

control BV2 cells (black) and RGS10 knockout BV2 cells (blue). Error bars indicate 

standard deviation from at least ten cells in a single experiment. Asterisks (*) indicate 

approximate time points corresponding to images shown in (A). C) Average peak height of 

the TG-induced Ca2+ transient calcium signal and SOCE signal observed after 1.8 mM Ca2+ 

addition, from three independent experiments, with 10-15 cells quantified from each cell line 

in each experiment. *p < 0.05, **p<0.01, and ***p<0.001, determined by unpaired student’s 

t-test.
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Figure 8. Model and Summary: RGS10 regulates pro-inflammatory gene expression through 
functional interaction with the SOCE machinery.
LPS facilitates extracellular calcium entry through plasma membrane Orai channels, a 

mechanism known as store-operated calcium entry (SOCE) (1). SOCE is activated through 

an upstream mechanism involving calcium depletion from intracellular stores. Upon ER 

depletion (2), calcium dissociates from the ER membrane resident calcium sensor STIM2, 

triggering STIM2 translocation to ER-PM junctions where it forms a complex with STIM1 

and Orai subunits to form an active calcium channel (3). SOCE through Orai is tightly 

coupled to activation of the phosphatase calcineurin (4), which triggers activation of 

downstream substrates and promotes the expression of pro-inflammatory genes (5). Our data 

demonstrate that LPS requires an intact SOCE pathway including STIM2, Orai, and 

calcineurin to trigger pro-inflammatory gene expression through undefined, indirect 

mechanisms. We previously showed that RGS10 (R10) suppresses LPS-induced pro-

inflammatory gene expression in a G-protein independent mechanism. Here, we show that 

RGS10 selectively interacts with STIM2, and RGS10-mediated regulation of LPS response 

requires activation of the STIM2-Orai-Calcineurin pathway (6). Depletion of intracellular 

calcium (2) activates SOCE and enhances LPS response (7), and RGS10 suppresses SOCE 

triggered by store depletion (8). In addition to G protein-independent regulation of LPS 

response, RGS10 also mediates signaling in microglia through its canonical interaction with 

Gαi subunits (9). The interplay of RGS10 co-regulation of these two critical pathways and 

the specific role of RGS10-STIM2 biochemical interaction is unknown. It is plausible that 

RGS10 regulates SOCE and downstream pro-inflammatory response by interacting with 

and/or modulating STIIM2 function such as STIM2 activation, PM translocation, and 
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interaction with STIM1/Orai channel (3). Similar to the regulation of TLR4 response, 

RGS10 also suppresses thrombin-stimulated pro-inflammatory genes through a mechanism 

requiring Orai activity, suggesting that RGS10 has the potential to regulate a broad range of 

inflammatory responses that depend on SOCE. The effects of pharmacological agents 

Thapsigargin (TG), YM58483 (YM), and cyclosporine A (CsA) are shown.
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