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Abstract: G protein signaling modulator-3 (GPSM3), also known as G18 or AGS4, is a member of a family of proteins 
containing one or more copies of a small regulatory motif known as the GoLoco (or GPR) motif. GPSM3 interacts 
directly with Gα and Gβ subunits of heterotrimeric G proteins to regulate downstream intracellular signals initi-
ated by G protein coupled receptors (GPCRs) that are activated via binding to their cognate ligands. GPSM3 has 
a selective tissue distribution and is highly expressed in immune system cells; genome-wide association studies 
(GWAS) have recently revealed that single nucleotide polymorphisms (SNPs) in GPSM3 are associated with chronic 
inflammatory diseases. This review highlights the current knowledge of GPSM3 function in normal and pathologic 
immune-mediated conditions. 
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Introduction

Elucidating the function and regulation of G 
protein coupled receptors (GPCRs) was recent-
ly recognized with a 2012 Nobel Prize, and 
these proteins continue to be the largest class 
of cell-surface receptors successfully targeted 
for the treatment of human disease [1-3]. 
GPCRs are functionally associated with hetero-
trimeric G proteins composed of Gα, Gβ, and Gγ 
subunits. When the receptor is inactive, Gα is 
bound to guanosine diphosphate (GDP) in its 
own inactive state; GDP binding to Gα promotes 
its association with the Gβγ dimer, which inhib-
its spontaneous GDP release by Gα and also 
assists in receptor coupling. After ligand bind-
ing, the GPCR acts as a guanine nucleotide 
exchange factor (GEF) promoting the replace-
ment of GDP with guanosine triphosphate (GTP) 
and leading to conformational changes that 
result in dissociation of Gβγ from the heterotri-
meric complex. Both GTP-bound Gα and free 
Gβγ initiate signal cascades to downstream 
effectors. Hydrolysis of GTP to GDP returns Gα 

to its inactive state, allowing re-association 
with Gβγ and signal termination [4, 5].

Chemokine receptors are GPCR family mem-
bers that signal through Gαi-containing hetero-
trimers to regulate cellular migration, survival, 
and angiogenesis in inflammatory conditions 
[6, 7]. However, as drug therapy targets in auto-
immunity, chemokine receptors have had mixed 
results in various neutralization strategies [8] 
and, in particular, in rheumatoid arthritis (RA) 
therapeutics development [9, 10]. This failure 
has been attributed, in part, to redundancy of 
chemokine receptor/ligand interactions in 
inflammation [6], and so it has been proposed 
that a more efficacious strategy should target a 
shared pathway regulator of chemokine recep-
tor signaling rather than neutralization of a spe-
cific chemokine or its receptor(s) per se [11].

GoLoco motif-containing proteins are regula-
tors of GPCR signaling that share a signature 
19-amino-acid sequence [12, 13] as well as a 
hallmark biochemical activity of inhibiting Gαi 
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release of GDP [5, 14-16]. One such member of 
this protein family with a highly-restricted 
expression pattern (Figure 1), GPSM3 (a.k.a. 
AGS4 [17] or G18 [18]) possesses three GoLoco 
motifs (but only two are functional; [18]) and an 
additional LSL motif required for Gβ subunit 
binding [19]. The functional GoLoco motifs of 
GPSM3 allow the protein to bind Gαi·GDP and 
act as a GDP dissociation inhibitor (GDI) [17, 
18] independent of Gαi·GDP interaction with 
the Gβγ dimer [16, 20], while the LSL motif 
interaction with monomeric Gβ subunits is sus-
pected to regulate GPCR/G-protein heterotri-
mer association at the level of Gβγ dimer 
assembly [19] (Figure 2). The cellular and bio-
logic effects of GPSM3 continue to be explored 
as recent research points to its important regu-
latory functions in chemokine receptor signal-
ing, monocyte phenotypes, and autoimmune 
disease development.

GPSM3 regulation of GPCR signaling

Recent studies by Giguere et al. have illustrated 
that GPSM3 deficiency affects the chemotactic 

response of myeloid cells activated through the 
chemokine receptors CCR2, CX3CR1, and 
CMKLR1 [21]. Ongoing biochemical and cell 
biological research is helping to define the spe-
cific role that GPSM3 plays in the intracellular 
sequelae of chemokine receptor signaling and 
how this role ultimately affects cellular chemo-
taxis and viability. 

Not only does GPSM3 interact with Gαi·GDP 
and monomeric Gβ subunits, but studies of 
local energy transfer between fusion proteins 
expressed in cells suggest that GPSM3 may 
also help position Gα subunits at the cell mem-
brane, proximal to GPCRs, and thereby help 
provide a signaling substrate to ligand-activat-
ed receptors [22]; however, these latter results 
from ectopic overexpression of recombinant 
fusion proteins have yet to be confirmed in an 
endogenous expression context. More contro-
versial is the suggestion that GPSM3 may regu-
late GPCR signaling pathways via GoLoco motif 
interactions that directly promote the dissocia-
tion of Gα and Gβγ independent of GPCR/
ligand-stimulated GEF activity [14]; evidence 

Figure 1. GoLoco motif-containing proteins. Expression pattern as reported by the BioGPS gene expression atlas 
(http://biogps.org; [59]).



GPSM3: a leukocyte regulator of inflammation

99 Am J Clin Exp Immunol 2014;3(2):97-106

from both structural biology studies [16] and 
electrophysiological recordings of Gβγ-gated 
ion channels [20] suggest that the GoLoco 
motif/Gαi·GDP interaction is mutually exclusive 
to the assembly of a traditional Gαi·GDP/Gβγ 
heterotrimer, but that the GoLoco motif cannot 
itself displace a preformed Gαi·GDP/Gβγ hete- 
rotrimer.

A common outcome of chemokine receptor sig-
naling is the mobilization of internal calcium 
stores via Gβγ-mediated activation of phos- 
pholipase-Cβ (PLCβ) (Figure 2). Ectopic GPSM3 
expression is seen to negatively affect GPCR 
signaling by decreasing PLCβ-mediated genera-
tion of the second messenger inositol trisphos-
phate (IP3) [21]. This inhibitory effect requires 
GPSM3 interaction with Gβ subunits, given that 

a specific loss-of-function mutation to the 
Gβ-interaction site within GPSM3 (i.e., muta-
tion of the “LSL” motif) abrogates inhibition of 
IP3 accumulation after agonist stimulation; it is 
important to note that mutation to the LSL 
mutation does not affect the GPSM3/Gαi·GDP 
interaction [21]. Indeed, endogenous Gβ sub-
units are seen to co-immunoprecipitate with 
the endogenous GPSM3 expressed in the 
human monocytic THP-1 cell line; moreover, 
endogenous Gβ subunits co-localize with 
endogenous GPSM3 at the plasma membrane 
in THP-1 cells [21]. This subcellular colocaliza-
tion is consistent with the proteomic detection 
of GPSM3 within cholesterol-rich, detergent-
resistant, plasma membrane fragments from 
bovine leukocytes [23], as well as an indepen-
dent report of ectopically-expressed GPSM3 

Figure 2. Model for GPSM3 function in regulating Gi-coupled chemokine receptors. Two of the three GoLoco mo-
tifs within GPSM3 (yellow) bind to Gαi·GDP subunits (Cao et al., 2004; Kimple et al., 2004). Additionally, the LSL 
motif within GPSM3 interacts with Gβ subunits toward their biosynthetic pathway in forming Gβγ dimers (Giguere 
et al., 2012). These interactions likely regulate ligand-activated chemokine receptor signaling pathways, including 
Gαi-mediated inhibition of cAMP production by adenylyl cyclase, inositol phosphate production from Gβγ-mediated 
activation of phospholipase-Cβ, and/or cell survival signaling by Gβγ-mediated activation of class IB phosphati-
dylinositol-3’-kinase (PI3K) leading to PKB/Akt phosphorylation.
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being able to form a G protein-dependent com-
plex in proximity to membrane-delimited GPCRs 
[22]. Additional evidence that GPSM3 interacts 
with Gβ has been obtained by examining the 
direct activation of PLCβ2 via co-expression of 
free Gβ1γ2 subunits; overexpression of wild-
type GPSM3 (but not the loss-of-function LSL 
mutant) is seen to inhibit PLCβ2 activation by 
Gβ1γ2 [21]. 

Another common Gβγ-mediated signaling tar-
get is activation of the pro-survival kinase PKB/
Akt pathway (Figure 2) - an event that is often 
measured by its serine-473 phosphorylation 
status [24]. When GPSM3 levels are decreased 
by RNA-interference in the monocytic THP-1 
cell line, activation of PKB/Akt by serum addi-
tion is diminished [21]. These data mirror the 
decreased survival observed in GPSM3-
deficient THP-1 cells [21] and are consistent 
with the known role of GPCR/Gβγ-mediated 
activation of class IB PI3K and resultant PIP3-
dependent activation of PKB/Akt and down-
stream survival signaling in leukocytes ([25, 
26]; see Figure 2). 

GPSM3 in immune cell function and cancer

Myeloid-derived inflammation mediators and 
suppressors

GPSM3 expression is highly regulated during 
monocyte/macrophage differentiation ex vivo, 
and GPSM3 deficiency affects monocyte sur-
vival as well as migration to specific chemokine 
ligands [21]. Ly6ChighCD11b+ monocytes are 
known to mobilize rapidly in response to infec-
tion and inflammation [27]; flow cytometry of 
splenocytes from GPSM3-deficient mice indi-
cates that this population of Ly6ChighCD11b+ 
monocytes is significantly reduced in compari-
son to wild-type mouse controls [21]. These 
observations suggest a role for GPSM3 in sur-
vival and/or differentiation of particular 
myeloid-lineage cells, but the molecular mech-
anisms underlying this role remain to be fully 
elucidated. 

Myeloid cells, particularly macrophages and 
neutrophils, are known mediators of inflamma-
tion; conversely, a heterogenous, immature 
myeloid cell population, termed “myeloid-deri- 
ved suppressor cells” (MDSCs) are able to sup-
press T cell and macrophage responses in 
inflammatory disease [28, 29]. Work by Yan et 
al. has shown that in lysosomal acid lipase (lal) 
knockout mice, which exhibit expanded MDSC 
development, GPSM3 expression in these cells 
is upregulated two-fold (along with other G pro-
tein-related genes) as part of a broader pertur-
bation of myeloid development and homeosta-
sis [30]. MDSCs have been shown to expand as 
a functional cell population in multiple patho-
logical conditions including infection, autoim-
munity, inflammation, and tumor burden [29]. 
In the collagen-induced arthritis (CIA) mouse 
model of rheumatoid arthritis (RA), MDSCs are 
seen to accumulate in the spleen during peak 
arthritis, inhibit production of the inflammatory 
cytokines IFN-γ, IL-2, TNF-α, and IL-6, and sup-
press T helper 17 (Th17) pathogenic T cells 
[31]. 

MDSCs also affect tumor angiogenesis and 
metastasis, as well as promote the develop-
ment of FOXP3+ regulatory T-lymphocytes 
(Tregs) [32]. MDSCs expand in numbers in 
many tumor models and are believed to be 
recruited from the bone marrow by tumor-
derived factors [33]; these increased levels of 
MDSCs can interfere with innate and adaptive 
anti-tumor responses by depressing immune 
responses to tumor burden, leading to the 
advancement of malignancy [34]. Data from 
mouse tumor models suggest that two popula-
tions of CD11b+ MDSCs predominate: “granulo-
cytic” Ly6G+/Ly6Clo MDSCs and “monocytic” 
Ly6G-/Ly6C+ MDSC [29]. Both of these MDSC 
subsets are decreased in the spleens of 
GPSM3-deficient mice [21]. This genetic abla-
tion of GPSM3 was shown to protect mice from 
a monocyte-driven model of acute inflammato-
ry arthritis [21]; however, it remains unexplored 
whether these GPSM3-deficient mice possess 
a differential response to tumor burden. 

Figure 3. The Ensembl database predicts two distinct wild-type human GPSM3 proteins that have different N-termi-
nal polypeptide sequences and that correlate with different mRNA transcripts.
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Although GPSM3 appears to be most highly 
expressed in developing monocytes and is also 
expressed in MDSCs, Lapan et al. have shown 
that prostatic cancer cells also increase GPSM3 
expression greater than two-fold when co-cul-
tured ex vivo with endothelial cells, in a model 
mimicking angiogenesis within the tumor micro-
environment [35]. As a regulator of GPCR and G 
protein function, GPSM3 could therefore also 
influence invasive or migratory phenotypes in 
different cancers, or their responses to survival 
or angiogenic factors that might be secreted as 
tumors grow. Therefore, it needs to be exam-
ined whether tumor progression in GPSM3-
deficient mice may be influenced by the 
decreased prevalence of MDSCs or by changes 
that occur in adaptive immune cells or the 
tumor cells themselves. 

Lymphocytes

Although GPSM3 has its highest expression in 
monocytes, B- and T-lymphocytes also have 
detectable GPSM3 expression [17, 21], sug-
gesting that GPSM3 could also regulate 
GPCR/G protein signaling outcomes such as 
survival and chemotactic trafficking within 
these key lymphocyte classes required for full 
immune function. For example, in a study by 
Reif and Cyster [36], activated B cells were 
shown to dynamically regulate the expression 
of multiple different regulators of G protein sig-
naling that alter responses to local chemokine 
gradients. 

Lymphocyte involvement in inflammatory dis-
eases also involves the development of ectopic 
(tertiary) lymphoid structures. The architecture 
of these germinal center-like structures re- 
quires chemokine-driven organization and inter- 
cellular interactions [37] likely to be impacted 
by GPSM3 function on GPCR signaling in vivo. 
While it is currently unknown exactly how 
GPSM3 functions to regulate GPCR signaling in 
lymphocytes, it is possible that the activity of 
this GPCR signaling modulator could influence 
inflammatory function, adaptive immune 
responses, and/or be involved in the protection 
against or exacerbation of lymphocyte-mediat-
ed inflammatory disease. 

GPSM3 in genetic association studies of 
immune-mediated diseases

Compelling genome-wide association studies 
(GWAS) have identified protective alleles locat-

ed within the GPSM3 gene locus that are sig-
nificantly less prevalent in patients with several 
autoimmune diseases [38-40]. In the most 
notable examples to-date, protective alleles of 
two GPSM3 single-nucleotide polymorphisms 
(SNPs rs204989, rs204991) have been asso-
ciated with a decreased incidence of RA [39, 
40]. Importantly, these same SNPs associate 
significantly with decreased incidence of devel-
oping other autoimmune diseases that share 
similar immunologic mechanisms with RA: 
namely, ankylosing spondylitis (AS), systemic 
lupus erythematosus (SLE), and multiple scle-
rosis (MS) [39]. Conversely, GPSM3 SNPs show 
risk association with type I diabetes and auto-
immune thyroid disease [39, 40], and GPSM3 
genetic polymorphisms have also been linked 
with atopic dermatitis and childhood obesity, 
two diseases also characterized by chronic 
inflammation [41, 42]. The GPSM3 locus on 
chromosome 6 is located very near to the 
Notch4 gene locus and is found within the 
densely-packed and disease-relevant human 
leukocyte antigen (HLA) region [39, 42], raising 
the possibility that GPSM3 SNP variants mark 
functional polymorphisms in other closely asso-
ciated genes. However, increasing research 
into GPSM3 expression and function is reveal-
ing a consistent pattern of potential physiologi-
cal involvement in immune system cell types 
relevant to inflammatory diseases. Therefore, it 
is conceivable that sequence variation within 
GPSM3 could functionally alter transcript 
expression or splicing, and/or GPSM3 protein 
sequence differences could contribute directly 
to immune disease pathogenesis.

Two different protein isoforms of GPSM3, with 
different N-terminal polypeptide sequences 
(Figure 3), have been predicted to date in the 
human genomic sequence database curated 
by Ensembl (http://ensembl.org) [43], as 
encoded by three different GPSM3 transcripts: 
GPSM3-001, -002, and GPSM3-004. It is pres-
ently unclear whether these different isoforms 
exert differential effects on GPCR signaling, 
cellular function, or disease. However, it is 
intriguing to note that Zhao et al. [44] suggest 
that GPSM3 differentially affects the nucleo-
tide state of Gαi vs Gαo subunits via its 
N-terminal proline-rich region - a region signifi-
cantly different in the open-reading frames 
encoded by transcripts GPSM3-001 and -002 
versus GPSM3-004 (Figure 3).
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GPSM3 and autoimmune arthritis

RA is a chronic, autoimmune polyarthritis that, 
if left untreated, leads to deformity, chronic 
pain, and disability for patients through a pro-
cess of synovial inflammation, synovial cell pro-
liferation with angiogenesis, and joint destruc-
tion [7]. Additional extra-articular disease 
manifestations such as vascular disease from 
unchecked inflammation further lead to 
increased mortality [45-47]. Improved under-
standing of immune system-mediated RA 
pathogenesis has led to new biologic treat-
ments that target selective elements of the RA 
inflammatory response; however, there are still 
patients who are non-responders or have 
adverse effects limiting their treatment [48]. 

Pre-clinical evidence suggests that neutraliza-
tion of proinflammatory, monocyte-attracting 
chemokines, or their cognate cell-surface 
receptors, would be beneficial for the treatment 
of RA [6, 49]; however, clinical trials have 
revealed disappointing results both for neutral-
ization of chemokines or for antagonism of 
their GPCR counterparts [10, 50-52]. One 
explanation for this apparent discrepancy 
between pre-clinical evidence and clinical trial 
results has focused on the known functional 
redundancy of the chemokine system in inflam-
mation, whereby many chemokines within a 
structural class can bind to multiple chemokine 
receptors sharing similar structural motifs [6, 
7]. Thus, targeting monocyte/macrophage 
recruitment in RA may be desirable, but current 
strategies using single chemokine or chemo-
kine receptor blockade have produced limited 
results. 

GPSM3 appears restricted in its tissue expres-
sion to cells of hematopoietic origin [17, 21], 
suggesting a potentially crucial role in inflam-
matory cell function. In particular, monocyte 
viability and chemotaxis are found to be affect-
ed in a GPSM3-deficient acute inflammatory 
arthritis model [21], and GWAS data suggest 
that GPSM3 SNPs are associated differentially 
between healthy persons and those with inflam-
matory arthritis from either RA, SLE, or AS [39, 
40]. Thus, understanding the regulatory roles 
of GPSM3 as a GPCR signaling modulator may 
help to promote this protein as a desirable ther-
apeutic target for patients with autoimmune 
arthritis.

In an acute, collagen antibody-induced arthritis 
(CAIA) mouse model of inflammatory arthritis, 
GPSM3-deficient mice (those either homozy-
gous or heterozygous for the ablated GPSM3 
allele) exhibit decreased clinical disease as well 
as reduced histopathology with less inflamma-
tion in cartilage, less synovial damage, and less 
bone erosion [21]. Additionally, a decreased 
overall disease incidence was observed in 
Gpsm3-/- mice (34% for Gpsm3-/- mice vs 95% 
for control mice) [21]. Independent studies by 
Schmidt et al. have shown that GPSM3 expres-
sion decreases in the joints after anti-inflam-
matory treatment with dexamethasone in the 
chronic, collagen-induced arthritis (CIA) model 
[53]. Thus, both chronic and acute mouse mod-
els of inflammatory arthritis reveal a compelling 
role for GPSM3 involvement.

Our group has recently shown that GPSM3 defi-
cienct mice have reduced CAIA that is associ-
ated with a decreased transcript expression of 
the proinflammatory, monocyte-derived cyto-
kines IL-6 and IL-1β, as well as of monocyte-
specific chemokine receptors in the joints [21]. 
TNF-α, IL-1β, and IL-6 are all produced by mono-
cytes/macrophages, which are recruited to the 
inflamed synovium by chemokines such as 
CCL2/MCP-1 and CX3CL1/fractalkine, among 
numerous others [6, 7, 54, 55]. GPSM3 defi-
ciency is seen to reduce monocyte chemotaxis 
toward CCL2, CX3CL1 and chemerin, and to 
enhance etoposide-induced apoptosis ex vivo 
[21], suggesting that GPSM3 affects mono-
cytes through the regulation of chemokine-
receptor signaling and its downstream intracel-
lular sequelae. The critical nature of monocyte 
infiltration and pathogenesis in autoimmune 
arthritis [56, 57] is further underscored by the 
direct correlation between disease severity and 
the accumulation of monocyte-targeting 
nanoparticles in the inflamed joint synovium, 
as observed recently by Kim et al [58]. 

Summary

As a newly-characterized regulator of Gαi GPCR 
signal transduction, GPSM3 may represent a 
novel biomarker and/or therapeutic target for 
inflammatory arthritis. Coupled with compelling 
human SNP-association data, our recent find-
ings of blunted disease sequelae in a mouse 
strain with targeted deletion of Gpsm3 have 
helped to validate the status of GPSM3 as a 
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protein worthy of future development as a drug 
discovery target that could transcend the pres-
ent roadblocks observed with single chemo-
kine or chemokine receptor neutralization 
strategies.
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