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Abstract

G protein-mediated signal transduction is essential for the regulation of cardiovascular function,
including heart rate, growth, contraction, and vascular tone. Regulators of G protein Signaling
(RGS proteins) fine-tune G protein-coupled receptor-induced signaling by regulating its
magnitude and duration through direct interaction with the a subunits of heterotrimeric G proteins.
Changes in the RGS protein expression and/or function in the heart often lead to
pathophysiological changes and are associated with cardiac disease in animals and humans,
including hypertrophy, fibrosis development, heart failure, and arrhythmias.

This article focuses on Regulator of G protein Signaling 2 (RGS2), which is widely expressed in
many tissues and is highly regulated in its expression and function. Most information to date has
been obtained in biochemical, cellular, and animal studies, but data from humans is emerging. We
review recent advances on the functional role of cardiovascular RGS2 and the mechanisms that
determine its signaling selectivity, expression, and functionality. We highlight key unanswered
questions and discuss the potential of RGS2 as a therapeutic target.

Introduction

Cells are continuously barraged with a multitude of extracellular signals that must be
properly received, integrated, and processed to ensure proper function. The majority of
signals are received by seven-transmembrane-spanning G protein-coupled receptors
(GPCRs), which represent the largest and most ubiquitous family of membrane receptors.
Activated GPCRs catalyze guanine nucleotide exchange on the a subunit of heterotrimeric
GTP-binding proteins (G proteins), which are divided into four subfamilies according to
structural and functional similarities in their a subunits. Sixteen different Ga subunits are
associated with GBy complexes that are assembled from 50 and 12y subunits (reviewed in
Wettschureck and Offermanns, 2005). When bound to GTP, Ga and its cognate Gy subunit
elicit cellular responses by activating (or inhibiting) downstream signaling molecules. The
specificity with which G proteins relay the information from GPCRs to intracellular
effectors (e.g., enzymes, protein kinases, and ion channels) primarily determines the range
of responses a cell is able to make to a particular external signal, although G protein-
independent effects can also occur (see below). The magnitude and duration of cellular
responses depend on how long G proteins remain activated, which is determined by the
relatively slow intrinsic GTPase activity of Ga subunits. After GTP hydrolysis, inactive
GDP-bound Ga reassociates with GBy, and both can then be ready for a new activation
cycle. RGS proteins accelerate the deactivation of select G proteins by serving as GTPase-
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activating proteins (GAPs) and, in some instances, can also block signal generation (Berman
et al., 1996; Hepler et al., 1997).

Twenty canonical RGS proteins have been identified since their discovery 2 decades ago
(reviewed in Hollinger and Hepler, 2002); they are divided into four subfamilies based on
the sequence homology of their ~120 amino acid RGS homology (RH) domain that interacts
with one or more G protein a subunits, and the size and organization of the additional
flanking domains that facilitate additional protein—protein (or protein-lipid) interactions.
More than half of them bind to and regulate Gajjo and Gag11, which mediate GPCR-
dependent inhibition of adenylate cyclases (AC) and activation of phospholipase C f3
(PLCB), respectively (Fig. 1); the other RGS protein isoforms are selective for Gaiyq
proteins.

Expression profiles for RGS proteins have been reported for many tissues and cell types,
mostly based on mRNA data due to low cellular levels of RGS proteins and limited
availability of antibodies that can unequivocally recognize individual endogenous RGS
isoforms. Several canonical RGS proteins are expressed in the mammalian and human
myocardium, with overlapping but distinct expression patterns between the two major cell
types (myocytes and fibroblasts) and between cardiac regions (atria and ventricles)
(reviewed in Zhang and Mende, 2011).

This review article focuses on RGS2, which is widely expressed in many tissues and has
been linked to the regulation of cardiovascular function, immune responses, reward
behavior, anxiety, schizophrenia, weight gain, bone formation, and cancer (reviewed in
Bansal et al., 2007). It is expressed in all cardiovascular cell types, with comparable mRNA
levels in myocytes and fibroblasts (Zhang and Mende, 2011). RGS2, which is highly
regulated in its expression and function, is a much more potent and selective negative
regulator of G141 signaling than other RGS isoforms, although recent data suggest some
effect on Gjjo as well. For information on other RGS proteins that are involved in regulating
cardiovascular signaling and function, the reader is referred to other reviews (Gu et al.,
2009; Hendriks-Balk et al., 2008; Zhang and Mende, 2011).

Functional importance of RGS2 in cardiovascular disease

Gg11-mediated signal transduction is well recognized for its role in regulating both vascular
tone and cardiac remodeling in response to hemodynamic stress, which entails changes in
cardiac structure, including myocyte hypertrophy and excess extracellular matrix deposition,
and subsequent cardiac dysfunction. Cell culture studies provided first clues as to the
importance of RGS2 as a regulator of Gq/11-mediated function in cardiovascular cells. For
example, gain-of-function studies in neonatal and adult rat ventricular myocytes (Hao et al.,
2006; Zou et al., 2006) and fibroblasts (Zhang et al., 2011) showed RGS2 expression level-
dependent inhibition of Gg/11-mediated PLC activation along with inhibition of myocyte
hypertrophy, fibroblast proliferation, and total collagen production. Conversely, loss-of-
function studies, in which RGS2 expression was markedly reduced via RNA interference,
showed the opposite phenotype in both cell types despite the presence of several other Gg/11-
regulating RGS proteins (such as RGS3, RGS4, and RGS5) (Zhang et al., 2006; Zhang et al.,
2011).

RGS2 and cardiac remodeling

Strong evidence for a central role of endogenous RGS2 in mitigating the cardiac remodeling
in response to pressure overload in vivo was provided by a mouse model with global
deletion of endogenous RGS2 (Takimoto et al., 2009). In the absence of RGS2, transverse
aortic constriction induced enhanced Gg11-mediated signaling and exacerbated cardiac
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hypertrophy, fibrosis, and dysfunction, particularly in the early phase, and led to increased
mortality. The involvement of the Gq/11/PLC signaling pathway was indicated by
worsening of the hypertrophic response and dilatation in transgenic mice overexpressing
Gag and lacking RGS2, and by inhibition of rapid hypertrophy development and functional
deterioration in the presence of a PLCp inhibitor. Physiological hypertrophy in response to
exercise, which is not related to Gg11 signaling (Maillet et al., 2013), was not affected, nor
was a cardiac phenotype observed under basal conditions despite mild hypertension.
Surprisingly, in spite of ample evidence for a role of RGS2 in negatively regulating Gg11
signaling and hypertrophy in myocytes, myocyte-specific RGS2 overexpression in
transgenic mice in vivo did not attenuate ventricular Gy/11-mediated signaling and
hypertrophy in response to pressure overload or Angiotensin Il (Ang 1) infusion,
irrespective of the duration of the hypertrophic stimulus (acute vs. prolonged) and the timing
of RGS2 expression (conditional vs. constitutive) (Park-Windhol et al., 2012). Differences
of RGS2 functionality between ventricles and atria, where transgenic RGS2 markedly
inhibited Gg/11 signaling (Park-Windhol et al., 2012), warrant further investigation into the
underlying mechanisms of chamber-specific regulation of RGS2 functionality in this model.

Endogenous RGS2 also serves as a mediator of anti-hypertrophic and cardioprotective
effects of cGMP, which is generated by guanylate cyclases (GC) and degraded by
phosphodiesterases (PDEs). To inhibit pressure overload-induced Gg11 signaling and
hypertrophy, the cGMP-selective PDES5 inhibitor sildenafil requires RGS2, which was
indicated by its lack of effect in RGS2 knockout mice (Takimoto et al., 2009). The
underlying mechanism involves cGMP-induced RGS2 phosphorylation that enhances RGS2
functionality as a negative regulator of G141 signaling (see below for more detail).

Furthermore, RGS2 likely participates in the molecular signaling changes that ensue in
response to cardiac resynchronization therapy (CRT), in which both ventricles are paced to
recoordinate contraction in failing hearts that are dyssynchronous due to conduction delays.
Marked upregulation of RGS2 and RGS3 at mMRNA and protein levels was reported in
myocytes from dogs with tachypacing-induced dyssynchronous heart failure that had been
subjected to CRT; their mRNAs were also found to be upregulated in left ventricular biopsy
samples from patients that responded to CRT (compared to non-responders) (Chakir et al.,
2012). Enhanced CRT-induced B-adrenergic responsiveness in myocytes, which improved
calcium handling and contraction, was attributed to increased 31-adrenoreceptor expression
and AC activity and reduced G;-mediated signaling, which was associated with upregulation
of RGS2 and RGS3 (Chakir et al., 2009, 2012). CRT studies in the absence of RGS2 (alone
or in combination with RGS3) are required to establish a causal link between RGS2/RGS3
upregulation and CRT efficacy, along with further investigations into the timeline of events
and the precise mechanisms.

RGS2 and arrhythmia

As recently reviewed (Stewart et al., 2012), a requirement for RGS proteins for heart rate
regulation was initially shown by a knock-in strategy, in which RGS protein-insensitive
Gaip or Gag subunits were expressed in place of endogenous protein. RGS4 and RGS6 were
subsequently identified to participate in parasympathetic heart rate control, at least in part,
by inhibiting M5 receptor-induced Gj, protein activation and subsequent Gpy-mediated
activation of inwardly rectifying K* channels (Stewart et al., 2012). Enhanced susceptibility
to atrial tachycardia/fibrillation has been reported in mice with global targeted deletion of
RGS5 (Qin et al., 2013) or RGS2 (Tuomi et al., 2010). In RGS2 knockout mice, atrial
tachycardia/fibrillation induced by vagal or programmed stimulation could be blocked with
a M3 receptor selective antagonist leading the authors to speculate that the absence of RGS2
may lead to enhanced M3 receptor-induced Gg11 activation and potentially the associated
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Ik m3 current they previously described (reviewed in Jones et al., 2012). Although the
mechanisms are still poorly understood, enhanced Gg1 signaling is believed to participate
in the pathogenesis of atrial arrhythmogenic remodeling and fibrillation in both mice and
humans. Targeting Gg11 signaling in the atria has been proposed as a potential therapeutic
strategy (Nattel, 2009). RGS2 transgenic mice with markedly inhibited Gg11 signaling in the
atria but not ventricles (Park-Windhol et al., 2012) could be a valuable model to address this
question.

RGS2 and blood pressure regulation

RGS2 also plays an important role in maintaining normal vascular tone and blood pressure:
mice with global RGS2 deletion have a hypertensive phenotype, which was initially
attributed to enhanced and prolonged Gg11-mediated vascular pressor responses (Heximer et
al., 2003; Tang et al., 2003) and impaired nitric oxide (NO)-induced, cGMP-mediated
relaxation responses (Sun et al., 2005; Tang et al., 2003). In vitro studies were first
performed in aortic rings (Tang et al., 2003) and later extended to vascular resistance vessels
(Sun et al., 2005). These studies supported the notion that RGS2 regulates vascular smooth
muscle by acting on Gagy11 and thereby blunting Gg11-mediated vasoconstriction. In
addition, RGS2 serves as a mediator for vasodilatory cGMP effects by a mechanism that
involves cGMP-dependent protein kinase G (PKG)-induced RGS2 phosphorylation, which
enhances the functional activity of RGS2, and thereby mitigates Gg/11-mediated
vasoconstriction (Tang et al., 2003). More recently, RGS2 was shown to also act in the
endothelium of resistance arteries (Osei-Owusu et al., 2012), where it promotes endothelial-
derived hyperpolarizing factor-dependent vasodilation via a Gj,o-dependent mechanism. A
critical role of RGS2 expressed in the kidney for blood pressure regulation was
demonstrated by kidney transplantation from a mouse lacking RGS2 into a wild-type mouse,
which was sufficient to induce hypertension (Gurley et al., 2010). Importantly, a role of
RGS?2 in regulating vascular tone in humans has been suggested by observations of
increased and decreased RGS2 expression in patients with reduced or elevated blood
pressure, respectively, and by identification of several single-nucleotide polymorphisms
(SNPs) in RGS2 in hypertensive patients from different ethnic populations (reviewed in Gu
et al., 2009). The frequency of RGS2 mutations in hypertensive patients is generally low and
if, how, and to what extent they influence blood pressure regulation and play a
pathophysiological role requires further investigations. For example, the gene product from
one of the candidate hypertension allele in RGS2 showed less efficient membrane
association and weaker inhibition of receptor-induced Gg11 signaling in vitro, which
suggests that it may potentially contribute to hypertension development (Gu et al., 2008b).
This particular SNP (R44H) was originally identified in a Japanese hypertension cohort
(YYang et al., 2005) (see below for other examples). It is located in the N-terminal
amphiphatic a-helix of RGS2, which interacts with the inner leaflet of the plasma membrane
and enhances the inhibitory effect of RGS2 on Gg11-coupled GPCR signaling (Gu et al.,
2007).

RGS2 in cell signaling regulation
RGS2 as a GAP for select G proteins

RGS2 is well known to negatively regulate Gg/11-mediated signaling by accelerating signal
termination via direct binding of its RH domain to activated GTP-bound Gagyq1 subunits
and converting them to their inactive GDP-bound form (see below). In addition, as
originally shown for RGS4 and RGS19 (or GAIP) (Hepler et al., 1997), RGS2 can block
signal generation by blocking the effector phospholipase Cf3 from access to Gag11 (Anger et
al., 2004).
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Structural and functional analyses of the RGS2 RH domain in a complex with Gaq have
provided important mechanistic clues (Nance et al., 2013). RGS2 binds to Gag in a tilted
orientation that is different from how other RGS proteins bind to Ga, proteins. This is due
to the interaction of two evolutionary, highly conserved amino acids in the RGS2 RH
domain (C106, N184) with one of the three switch regions in Gag, which are intimately
associated with the binding and hydrolysis of GTP, and to more extensive interaction
between RGS2 and the a-helical domain of Gag. The exact role of a third unique and highly
conserved amino acid in RGS2 (E191) is not fully understood and may perhaps help RGS2
select against Gaijq.

Based on its unique structure compared to other closely related RGS isoforms, RGS2 can act
as a very potent negative regulator of Gg/1; signaling and was long believed to be highly
selective. More recent evidence suggests that RGS2 can also regulate Gjjq signaling in some
settings, although the potential significance in the cardiovascular system is not yet fully
understood. Initial studies with recombinant RGS2 and Gaj;, Subunits showed no interaction
or increase in GTPase activity (Heximer et al., 1997). The ability of RGS2 to accelerate
GTP hydrolysis and inhibit Ga; signaling under certain experimental conditions was first
revealed in reconstituted phospholipid vesicles and transfected COS-7 cells and shown to
require M, receptor activation (Ingi et al., 1998). However, in adult ventricular myocytes,
RGS2 was found to have no effect on My receptor-induced G;;,-mediated inhibition of
cAMP, while other cardiac RGS proteins (RGS3-RGS5) were potent Gj, inhibitors (Hao et
al., 2006). Recent data suggest a novel role of RGS2 as a terminator of 3, adrenoreceptor-
coupled G; signaling in cultured mouse ventricular myocytes (Chakir et al., 2011). In the
endothelium of resistance arteries, RGS2 has been implicated to promote EDHF-dependent
vasodilation by blunting pertussis toxin-sensitive Gj;,-mediated signaling (Osei-Owusu et
al., 2012). Whether RGS2 serves similar roles in other cardiovascular cell types and in vivo
remains to be further investigated.

While the type of interactions between the RGS RH domains and Ga subunits are important
determinants of the signaling selectivity of RGS proteins in biochemical experiments,
association with other proteins (e.g., GPCRs, scaffold proteins, and effectors), subcellular
compartmentalization, and spatiotemporal expression contribute in the cellular context as
well.

RGS2 interactions with other proteins

The N-terminus of RGS2 can bind to several other proteins, depending on cell type and
context. For example, RGS2 can bind to GPCRs via its N-terminus, either directly (e.g.,
Bernstein et al., 2004) or via the scaffold protein spinophilin (Wang et al., 2005). Interaction
with the third intracellular loop of select GPCRs (including Gg11-coupled My 3 5 receptors
and a4 receptors as well as Gs- and Gj-coupled f3,-adrenoceptors) has been observed in
pull-down assays with recombinant proteins; functional RGS2-GPCR interactions have
been suggested by RGS2 recruitment to the plasma membrane upon GPCR co-expression in
the absence of agonist stimulation in cellular studies (reviewed in Neitzel and Hepler, 2006).
Furthermore, RGS2 was shown to interact with AC and negatively regulate its activity in
some cell types (Sinnarajah et al., 2001). This interaction also occurs at the N-terminus
(Salim et al., 2003) but via residues that are distinct from the membrane-binding sequence
(Heximer et al., 2001). Importantly, in adult rat ventricular myocytes and fibroblasts, RGS2
does not seem to inhibit AC directly, since RGS2 overexpression did not affect cCAMP
generation upon stimulation with isoproterenol or forskolin, a direct activator of AC (Hao et
al., 2006; Zhang et al., 2008). Additional proteins that were reported to interact with the
RGS2 N-terminus, albeit only in non-cardiac cells so far, are the cation channel TRPV6
(Schoeber et al., 2006) and tubulin (Heo et al., 2006).
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Taken together, the N-terminus of RGS2 facilitates plasma membrane targeting and can bind
to a number of proteins. In addition, it contains the phosphorylation site for PKG (see
Regulation of RGS2 functionality section below). The RH domain appears to have the
capacity to bind to proteins other than Ga subunits as well: although the functional
significance is still unclear, RGS2 was reported to bind via its RH domain to the rate-
controlling enzyme in protein translation (eukaryotic initiation factor 2Be) and inhibit it
(Nguyen et al., 2009), which may contribute to the anti-hypertrophic effect of RGS2. Further
investigations are needed to fully delineate which of these events occur in the cardiovascular
system and whether they are cell type-dependent. It also remains to be determined how the
different interactions and events are orchestrated, facilitate or compete with each other, and
what their functional relevance is in health and disease.

Potential role of RGS2 in non-canonical GPCR signaling

The traditional concept of GPCRs initiating G protein-dependent signaling and only at the
plasma membrane has been expanded significantly in recent years. (i) Several GPCRs are
now known to also elicit cellular effects by recruitment, activation, and scaffolding of
cytoplasmic signaling complexes, with -arrestins promoting alternate downstream signaling
pathways while simultaneously inhibiting upstream G protein-dependent signaling
(reviewed in Shukla et al., 2011). Novel GPCR ligands that can selectively activate either G
protein- or B-arrestin-mediated pathways are in development for heart failure and other
diseases, particularly in settings where one pathway is maladaptive, whereas the other may
be beneficial (reviewed in Violin et al., 2013). Further investigations are needed to
determine if and how RGS2 (and other RGS proteins) affect $-arrestin-mediated GPCR
signaling. By accelerating Ga inactivation and thereby facilitating the reassociation of Ga
and Gpy subunits, RGS proteins could potentially affect GBy-dependent recruitment of G
protein-coupled receptor kinases, a crucial first step in -arrestin-mediated signaling. (ii)
Evidence is mounting that GPCRs and G proteins are not limited to the plasma membrane
and can exert functional effects in nuclear membranes (reviewed in Tadevosyan et al., 2012)
and endosomes (reviewed in Lohse and Calebiro, 2013). RGS2 (and other RGS proteins)
can be located in the nucleus as well (reviewed in Sethakorn et al., 2010) and have been
linked to Golgi membranes and intracellular transport (Sullivan et al., 2000). The potential
(patho)physiological role(s) of RGS2 in regulating f-arrestin-mediated and/or intracellular
GPCR signaling, along with the respective underlying mechanisms, remain to be
investigated.

Regulation of RGS2 expression and functionality

Both deficiency and overabundance of RGS2 are associated with dysregulation of vascular
tone and blood pressure in mice and man, indicating the importance of precise control of
RGS2 protein expression level and function to maintain normal regulation (reviewed in Gu
et al., 2009). The expression and function of RGS2 in the myocardium are also dynamically
regulated and tightly controlled. Expression studies for RGS2 (and other cardiac RGS
proteins) in animal models of cardiac hypertrophy and failure as well as in human
myocardium yielded heterogeneous findings, dependent on the species, specific model, and
RGS protein investigated (reviewed in Hendriks-Balk et al., 2008). Importantly, RGS2
expression can be altered by clinical therapies, as shown for CRT (see RGS2 and cardiac
remodeling section above) and drugs at therapeutic doses (see Regulation of RGS2
expression and Conclusions and clinical perspective sections below).

Regulation of RGS2 expression

Mechanistic studies in various cell types showed that RGS2 expression is regulated by many
different stimuli (reviewed in Kach et al., 2012). Cardiovascular cells show a biphasic

Trends Cardiovasc Med. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang and Mende

Page 7

regulation, in which a transient rise upon short-term stimulation of the Gg/1 signaling
pathway is followed by a persistent decline in response to sustained stimulation (Fig. 1). For
example, both RGS2 mRNA and protein levels are markedly upregulated in adult rat
ventricular myocytes that were either infected with adenovirus encoding constitutively
active GagQ209L or stimulated with a Gg/11-coupled receptor agonist or a PKC activator
(Hao et al., 2006). Similarly, RGS2 mRNA was markedly upregulated in response to
stimulation with Ang Il in cultured vascular smooth muscle cells (VSMC) (Grant et al.,
2000) and cardiac fibroblasts (Zhang et al., 2011). RGS2 upregulation was also observed in
freshly isolated cardiac fibroblasts from rats subjected to short-term Ang Il infusion (less
than 3 days) (Zhang et al., 2011). Given that RGS2 functions as a potent GAP for Gag/11
and accelerates its inactivation, transient upregulation of RGS2 in response to acute
activation of the Gg11-mediated signaling pathway likely represents a negative feedback
mechanism. In contrast, prolonged stimulation leads to marked RGS2 downregulation, as
shown in pressure overload-induced hypertrophic myocardium, in myocytes from mice
expressing GaqQ209L (Zhang et al., 2006), and in myocytes and fibroblasts from rats
subjected to prolonged Ang Il infusion in vivo (Zhang et al., 2011). These data strongly
suggest that RGS2 downregulation in the stressed or injured hearts may contribute to the
pathogenesis of cardiac remodeling.

In both myocytes and fibroblasts, RGS2 mRNA is also significantly upregulated in response
to acute B-adrenergic stimulation (in the absence of any regulatory effects of RGS2 on G-
coupled cAMP accumulation) (Hao et al., 2006; Zhang et al., 2008), suggesting potential
cross-regulation between G- and Gg/11-mediated signaling pathways (Fig. 1). RGS2
upregulation was more pronounced in fibroblasts than in myocytes, indicating cell type-
specific differences and that Gg-mediated regulation of RGS2 might be of particular
importance in cardiac fibroblasts. Functional importance of Gs-induced, RGS2-mediated
cross-regulation on G131 signaling remains to be investigated in the heart, but has been
suggested in other cell types, such as osteoblasts (Roy et al., 2006) and primary human
airway smooth muscle cells, in which RGS2 expression is upregulated by long-acting B,-
adrenoceptor agonists (LABAS) and synergistically enhanced by glucocorticoids (Holden et
al., 2011).

Although the precise mechanisms that regulate RGS2 expression have not yet been fully
delineated, transcriptional, posttranscriptional, and posttranslational mechanisms are
involved. Protein kinase C (PKC)-dependent and Ca%*-dependent changes participate in
Ggr11-mediated RGS2 mRNA regulation (Grant et al., 2000), while cAMP and protein
kinase A (PKA) are involved in mediating Gg-mediated mMRNA upregulation (Tsingotjidou
et al., 2002). One study showed Ang Il-induced RGS2 mRNA upregulation via sequential
activation of PKC, iPLA,f3, PKA, and cAMP-response element-binding protein (CREB) in
cultured VSMC and identified a conserved cAMP-response element (CRE) in the murine
RGS2 promoter that is critical for CREB binding and RGS2 promoter activation (Xie et al.,
2011). Importantly, three SNPs identified in hypertensive patients are located within the
CREL1 sequence of the human RGS2 promoter, and three mutant RGS2 promoter constructs
that correspond to the identified human SNPs exhibit a greatly diminished or absent
response to forskolin, suggesting that these three human SNPs may negatively affect RGS2
MRNA expression and contribute to the elevated blood pressure in human (Xie et al., 2011).
Recent evidence also suggests epigenetic regulation of the RGS2 promoter and a potential
link to prostate cancer (Wolff et al., 2012).

MicroRNAs, a class of endogenous, evolutionarily conserved, small (~22-nucleotide) non-
coding RNAs, generally negatively regulate gene expression by repressing mRNA
translation and/or promoting mMRNA degradation via binding to the 3’ untranslated regions
of mMRNAs (Van Rooij et al., 2008). Several miRNAs (i.e., miRNA-22, -96, and -1271) have
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been suggested to target RGS2 via these posttranscriptional mechanisms (Jensen and
Covault, 2011; Muinos-Gimeno et al., 2011), but the functional relevance is not yet
understood.

Posttranslational mechanisms that affect RGS2 expression include regulation of protein
stability and degradation. It was recently reported that, without change in RGS2 mMRNA
levels, cardiotonic steroids (such as digoxin) selectively increased RGS2 (but not RGS4)
protein levels in cultured VSMC and in mouse heart and kidney in vivo (Sjogren et al.,
2012). Although the precise mechanism is unclear, Na*/K*-ATPase was required for
cardiotonic steroid-induced stabilization of RGS2 protein (Sjogren et al., 2012). Regulation
of RGS2 protein degradation also alters its expression. For example, RGS2 protein
degradation via the proteasome can be blunted by PKG, which does not depend on RGS2
phosphorylation (Osei-Owusu et al., 2007). The N-end rule pathway, which is based on
destabilizing residues in the N-terminus of a protein, is another important regulatory
mechanism for proteosomal degradation. While several RGS proteins including RGS2 have
potentially destabilizing N-terminal residues and are predicted to be degraded by the N-end
rule pathway, only RGS4, RGS5, and RGS16 have been confirmed thus far (Sjogren and
Neubig, 2010). Detection of two potentially destabilizing mutations of RGS2 in a group of
hypertensive individuals from Japan highlighted the potential clinical relevance (Yang et al.,
2005). In particular, one of the mutations (Q2L) showed much reduced protein expression in
HEK293 cells that was markedly enhanced by pretreatment with a proteasome inhibitor
(Bodenstein et al., 2007).

Regulation of RGS2 functionality

Posttranslational phosphorylation and lipid modifications of RGS proteins contribute to the
regulation of RGS protein activity and subcellular localization (reviewed in Zhang and
Mende, 2011). For example, phosphorylation of RGS2 by PKC was reported to decrease its
GAP activity in COS-7 cells (Cunningham et al., 2001), although the residue and functional
significance are still unknown. In contrast, phosphorylation of RGS2 at N-terminal S46 and
S64 by PKG increases RGS2 GAP activity in human VSMC and causes translocation of
RGS2 to the membrane (Tang et al., 2003). Similarly, in mouse VSMC, association of
RGS2 with the plasma membrane is promoted by activation of PKG, and RGS2 is required
for cGMP-mediated inhibition of vasoconstrictor-elicited PLC activation, Ca%* store
release, and capacitative Ca2* entry (Osei-Owusu et al., 2007). In adult mouse ventricular
myocytes, atrial natriuretic factor, which counteracts hypertrophy via guanylyl cyclase-A
receptor (GC-A) activation and cGMP production, suppresses Ca2* currents and transients
in response to Ang Il (but not -adrenergic) stimulation in a PKG- and RGS2-dependent
manner (Klaiber et al., 2010). Furthermore, in normal mice (but not RGS2 knockout mice),
PKG activation by chronic inhibition of cGMP-selective PDE5 suppressed maladaptive
cardiac hypertrophy (Takimoto et al., 2009). These findings demonstrate the importance of
PKG activation and RGS2 phosphorylation in inhibiting Gg11-coupled stimuli in the heart
and thereby place RGS2 as a link between non-GPCR and GPCR signaling pathways (Fig.
1). Furthermore, they highlight the potential relevance of using sildenafil in the treatment of
heart failure with normal ejection fraction.

Palmitoylation, another common posttranslational modification for RGS proteins that often
serves as a membrane-targeting signal, can also alter the GAP activity of RGS2 in a residue-
dependent manner (reviewed in Zhang and Mende, 2011). Palmitoylation of C106 and C199
leads to an increase of RGS2 GAP activity, while palmitoylation of C116 causes a decrease
of RGS2 GAP activity (Ni et al., 2006). The authors propose that change of RGS2 GAP
activity might be related to a conformational change of RGS2 upon palmitoylation.
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Another mechanism to regulate RGS2 function is via alternate translation initiation sites,
which in human RGS2 can lead to four different RGS2 proteins of distinct size and function
(Gu et al., 2008a). Since the four sites identified are located in the N-terminus upstream of
the Ga-interacting RH domain, the functional effect of RGS2 as negative regulator of G
protein-mediated signal transfer was preserved, whereas AC inhibition was impaired once
the interaction domain between RGS2 and AC was missing or incomplete.

Conclusions and clinical perspective

Chronic heart failure remains a major cause of illness and death; many different strategies
have been pursued to tackle heart failure by inhibiting and/or reversing cardiac hypertrophy
and fibrosis (Koitabashi and Kass, 2012). While the hypertrophic response to pathological
stress was long viewed as a necessary adaptive effect at least initially, it is not necessarily
required to preserve heart function (Koitabashi and Kass, 2012). Selective antagonists to
GPCRs, the most common targets of therapeutic drugs, have been widely used in clinical
therapies for patients with cardiac hypertrophy, heart failure, and hypertension (e.g., Ang Il
receptor and 3 adrenoceptor blockers). However, given that (i) the number of GPCRs (>200
in the heart) far exceeds the number of G proteins (<11 in any given cell) and therefore
many different GPCRs couple to the same type of G protein and (ii) several GPCR agonists
are often elevated in pathological settings (e.g., Ang Il and ET-1 are both elevated in heart
failure and activate their respective Gg/11-coupled receptors), targeting at the G protein level
via RGS proteins is viewed as a promising different therapeutic approach. The potential of
RGS proteins as therapeutic targets was recognized for many different pathophysiological
states and organs soon after their discovery almost two decades ago; the progress made and
challenges that need to be overcome are reviewed in detail elsewhere (Sjogren et al., 2010;
Sjogren and Neubig, 2010).

RGS2 has emerged as a functionally important, unique regulator of cell signaling and as a
therapeutic target. Evidence from in vitro biochemical and cellular studies and in vivo
animal models and human patients indicates that RGS2 plays a prominent role in regulating
blood pressure and the cardiac remodeling response to hemodynamic stress and may
potentially be involved in atrial fibrillation as well. RGS2 is widely expressed both during
development and adulthood and regulates cell signaling and functional behavior of
cardiovascular cells (myocytes, fibroblasts, VSMC, and endothelial cells) and other cell
types. Mechanistically, as recently highlighted by Osei-Owusu et al. (2012), it will be
important to tease apart the functional contribution of RGS2 in individual cell types to the
cardiovascular phenotype and to avoid potential confounding contributions from gene
targeting during development, which can be achieved by cell type-selective and inducible
genetic modification of RGS2 in vivo, respectively. In addition, further studies (especially in
large animal models and humans) are needed to fully appreciate the functional relevance of
RGS2 in the heart, vasculature and beyond both under physiological and pathophysiological
conditions, and to fully understand the mechanisms of its action and regulation.

Therapeutically, modulating the expression and/or activity of RGS2 in vivo may eventually
lead to novel strategies to treat patients with cardiac hypertrophy, heart failure, and/or
hypertension. For example, downregulation of RGS2 expression in response to prolonged
Gg11 signaling is believed to exacerbate the pathophysiology of hypertension, hypertrophy,
and fibrosis. Thus, enhancing RGS2 expression or function could have beneficial therapeutic
effects via enhanced repression of cardiovascular pathological Gq/11 signaling. In principle,
strategies to enhance RGS2 expression or function include altering its GAP activity, steady-
state expression, protein and lipid interactions, posttranslational modifications, and/or
subcellular localization. The recently identified unique structure of a complex of the RGS2
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RH domain and the Gag subunit offers new structural information that may allow for the
identification of compounds that can selectively stabilize this interaction.

Recent studies suggest that the steady-state level of RGS2 expression can be altered by
existing clinical device or drug therapies, which may have significant therapeutic potential
for cardiovascular diseases and beyond. As described, RGS2 protein expression was found
to be upregulated in response to cardiac synchronization therapy in dogs and humans with
heart failure, and it has been proposed that upregulation of RGS2 protein upon restoration of
synchronous contraction in the failing hearts might contribute to Gas-biased B,-adrenergic
receptor signaling and its beneficial effects by mitigating B, adrenoceceptor/G; signaling
(Chakir et al., 2012). Commonly used drugs can also upregulate RGS2 protein expression at
therapeutic doses, which raises the possibility that their effects might in part be mediated by
RGS2 and could open novel avenues for pharmacological regulation of RGS2 expression.
One example is cardiotonic steroids(CTS), which selectively enhanced RGS2 (but not
RGS4) protein expression via slowing its degradation in VSMC and in vivo (Sjogren et al.,
2012). CTS-induced RGS2 was functional and reduced Gg/;1-mediated signaling, which
might potentially contribute to the beneficial effects of low-dose digoxin treatment in heart
failure. The synergistic effect of §, adrenoceptor agonists and glucocorticoids, is another
example of marked drug-induced RGS2 protein upregulation, albeit by a different genomic
mechanism (Holden et al., 2011). It has so far been shown in human airway smooth muscle
cells, but may have clinical implications in the cardiovascular system as well.

In addition to its important role of a potent negative regulator of Gg/11-mediated signaling,
RGS?2 is now also recognized for its apparent capacity to modulate Gj;, signaling and to
interact with other proteins. While the functional significance of these additional interactions
are not yet well understood, they may offer additional therapeutic benefits, but at the same
time raise the level of complexity for the design of novel, safe, and effective future therapies
involving RGS2. Recent studies suggest a potential link between RGS2 SNPs and
hypertension. Future in-depth investigations will likely yield more insights into the identity
and abundance of RGS2 SNPs, the link between specific mutations and cardiovascular
disease phenotypes, and their pathophysiological significance in different patient
populations. This could provide additional mechanistic insights, which may further facilitate
therapeutic development. The expression of RGS2 in non-cardiac cell and tissues must be
taken into account when regulation of RGS2 is considered and developed as a therapeutic
approach in heart disease.
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Fig. 1.

Regulation of G protein-mediated signaling by RGS2 in the heart. Inhibitory effects of
RGS2 on G protein-mediated signaling are indicated in red. Opposing regulation of
adenylate cyclase by G (stimulatory) and Gj/o (inhibitory), and Gg/11-mediated activation of
phospholipase Cp are depicted to the left and middle, respectively. G protein-coupled
receptors are shaded in blue, G proteins in pink, and effector enzymes in yellow.
Endogenous neurotransmitters and peptide hormones are indicated above their respective
receptors in black font, while additional experimentally used receptor agonists are in gray
font. All 2nd messengers and downstream protein Kinases are depicted in open boxes.
Generation of cGMP via soluble or particulate guanylate cyclases (sGC and pGC,
respectively) is shown to the right. Blue arrows indicate upregulation of RGS2 expression
(in response to enhanced signaling via the adenylate cyclase and phospholipase C f3
pathways) or enhanced functionality (via cGMP-mediated phosphorylation). In contrast to
acute stimulation of the Gg/11-PLCR signaling pathway, chronically enhanced Gg11-
mediated signaling leads to RGS2 downregulation (green dashed arrow). See text for details
on RGS2 as signal integrator between the G¢/Gij/o and the Gg11 signaling pathways as well
as the non-GPCR cGMP signaling pathway. Abbreviations: Ach, acetylcholine; ANF, atrial
natriuretic factor; Ang I, angiotensin Il; AT4-R, angiotensin Il receptor type 1; a;-AR, a1-
adrenergic receptor; B1-AR, B1-adrenergic receptor; po-AR, PBo-adrenergic receptor; Carb,
carbachol; Catech, catecholamines; cAMP, cyclic adenosine monophosphate; cGMP, cyclic
guanosine monophosphate; DAG, diacylglycerol; ET-1, endothelin 1; ET ao-R, endothelin
receptor type A; GC-A, guanylate cyclase-coupled receptor A; IP3, inositol trisphosphate;
Iso, isoproterenol; M»-R, M, muscarinic Ach receptor; M3-R, Mg muscarinic Ach receptor;
NO, nitric oxide; P, phosphorylation; PE, phenylephrine; PKA, protein kinase A; PKC,
protein kinase C; PKG, protein kinase G.
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