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ABSTRACT

Regulators of G protein signaling (RGS) proteins are emerging
as potentially important drug targets. The mammalian RGS
protein family has more than 20 members and they share a
common ~120-residue RGS homology domain or “RGS box.”
RGS proteins regulate signaling via G protein-coupled recep-
tors by accelerating GTPase activity at active « subunits of G
proteins of the G, and G/, families. Most studies searching for
modulators of RGS protein function have been focused on
inhibiting the GTPase accelerating protein activity. However,
many RGS proteins contain additional domains that serve other

functions, such as interactions with proteins or subcellular tar-
geting. Here, we discuss a rationale for therapeutic targeting of
RGS proteins by regulation of expression or allosteric modula-
tion to permit either increases or decreases in RGS function.
Several RGS proteins have reduced expression or function in
pathophysiological states, so strategies to increase RGS func-
tion would be useful. Because several RGS proteins are rapidly
degraded by the N-end rule pathway, finding ways to stabilize
them may prove to be an effective way to enhance RGS protein
function.

Introduction

G protein-coupled receptors (GPCRs), with more than 1000
members, represent one of the largest groups of proteins.
They mediate key physiological responses and their endoge-
nous agonists include small-molecule neurotransmitters,
hormones, peptides, and, for some receptors, even their own
N termini. The importance of GPCRs in therapeutics is dem-
onstrated by the fact that approximately 30% of drugs ap-
proved by the U.S. Food and Drug Administration target
these receptors (Williams and Hill, 2009). GPCRs couple to
heterotrimeric G proteins consisting of an « and a By sub-
unit. In its inactive state, the o subunit is bound to GDP.
Upon agonist binding to the receptor, the G protein gets
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activated and the GDP is exchanged for GTP; the « and By
subunits dissociate and both can mediate downstream sig-
naling. The signal is turned off when the GTP is hydrolyzed
back to GDP. G proteins have built-in GTPase activity; how-
ever, this process is very slow and does not correspond to the
rapid turnoff of signaling events in cells. Regulators of G
protein signaling (RGS) proteins have emerged in the last 15
years as important intracellular regulators of GPCR signal-
ing (for review, see Ross and Wilkie, 2000; Zhong and Neubig,
2001; Hollinger and Hepler, 2002). They reduce the ampli-
tude and duration of G protein signaling by binding to acti-
vated Ga subunits and dramatically increasing their GTPase
activity. This GTPase-accelerating protein (GAP) activity of
RGS proteins is largely limited to o subunits of the G, and
G;,, families of G proteins. There are no widely accepted
reports of RGS proteins acting on G, although it has been
suggested that RGS proteins can indirectly regulate Ge,
signaling via interactions with certain adenylate cyclase sub-
types (Roy et al., 2006; Talbot et al., 2010).

The structure and function of RGS proteins (Hollinger and

ABBREVIATIONS: GPCR, G protein-coupled receptor; RGS, regulators of G protein signaling; GAP, GTPase-accelerating protein; RH, RGS
homology; AC, adenylate cyclase; DEP, disheveled-EGL10-Pleckstrin homology; R7BP, R7 binding protein; GGL, Gy-like; CCG-4986, [methyl-
N-[(4-chlorophenyl)sulfonyl]-4-nitrobenzenesulfinimidoate]; NPI-0052, Salinosporamide A; HEK, human embryonic kidney; MG-132, N-benzoyl-

oxycarbonyl (2)-Leu-Leu-leucinal.
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Hepler, 2002) and implications for them as drug targets (see,
e.g., Ross and Wilkie, 2000; Zhong and Neubig, 2001; Neubig
and Siderovski, 2002; Traynor and Neubig, 2005) have been
extensively reviewed previously. The main focus of efforts to
identify modulators of RGS protein function has thus far
been targeted toward inhibiting the GAP activity and/or the
interaction with Ga subunits. However, many RGS proteins
display other functions, including protein-protein interac-
tions and regulation of cellular trafficking. This indicates
that inhibiting RGS protein function might not be as simple
as inhibiting GAP activity toward Ga subunits. Recent data
also suggest that RGS protein expression may be altered in
certain pathophysiological states, and several RGS proteins
have been shown to be rapidly degraded in cells. This review
explores the possibility of pharmacologically modulating
RGS protein expression as an alternative route to alter RGS
protein function. Furthermore, we discuss possible ways to
allosterically modulate RGS protein function through other
mechanisms than competitively inhibiting GAP activity.

RGS Proteins—More Than Just GAPs on G«

There are 20 known mammalian RGS proteins that have
strong GAP activity at Ga subunits, and they are divided into
several subfamilies based on sequence homology (R4, R7,
R12, and RZ). Their structure and function have been exten-
sively reviewed elsewhere (Ross and Wilkie, 2000; Hollinger
and Hepler, 2002), so those aspects will not be discussed in
detail here. In addition to these four classic RGS families,
there are a number of other proteins with RGS homology
(RH) domains (Tesmer, 2010), which is not covered in this
review. Many RGS proteins have additional domains apart
from the RGS domain (Ross and Wilkie, 2000; Neubig and
Siderovski, 2002; Hollinger and Hepler, 2002). This suggests
that RGS proteins can have functions other than just accel-
erating GTP hydrolysis. Coincidentally, a recent review pro-
vided a detailed overview of non-GAP functions of RGS pro-
teins, including regulation of receptor tyrosine kinase
signaling and nuclear functions (Sethakorn et al., 2010).
Given these additional functions, targeting these proteins in
drug discovery may not be as simple as simply inhibiting
GAP activity.

Except for RGS3, the R4 family members (RGS 1-5, 8, 13,
16, 18, and 21) are small structures with only minimal C- and
N-terminal extensions flanking the RGS domain. RGS3 ex-
ists as three splice variants; the two longer forms, RGS3L
and PDZ-RGS3, contain domains involved in protein-protein
interactions (Kehrl et al., 2002). Despite the apparent lack of
additional structured domains, several R4 family members
have been shown to possess functions beyond GAP activity
(for review, see Bansal et al., 2007). The N terminus of R4
family RGS proteins contains an amphipathic a-helix that
serves as a membrane targeting signal. This targeting is
necessary for proper function of the proteins in that it brings
them close to the site of action (i.e., activated Ga subunits)
(Bernstein et al., 2000; Saitoh et al., 2001). Furthermore,
several members of the R4 family have been shown to inter-
act with components of GPCR signaling, such as receptors,
adenylate cyclase (AC) subtypes and phospholipase CB (for
review, see Bansal et al., 2007). This, in addition to different
affinities for Ga protein subtypes, contributes to selectivity
among R4 family RGS proteins. Most members are relatively
promiscuous for G, and G, proteins, but RGS2 has been
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shown to be selective for G, (Heximer et al., 1997). Although
there are no widely accepted reports on RGS proteins with
GAP activity toward Ga, proteins, there have been reports of
RGS2 regulating Ga,-mediated cAMP signaling through a
direct protein-protein interaction with certain AC subtypes
(ACII, IV, and VI) (Roy et al., 2006).

The members of the R7 family of RGS proteins (RGS 6, 7,
9, and 11) contain a disheveled-EGL10-Pleckstrin homology
(DEP) domain that is responsible for protein-protein interac-
tions. Specifically, this domain serves as an interaction site
with R7 binding protein (R7BP) in the brain and RGS9 an-
choring protein in the retina to anchor the RGS protein to the
plasma membrane near its site of action (Drenan et al., 2006;
Jayaraman et al., 2009). The DEP domain can also interact
with receptors to directly modulate GPCR signaling (Ballon
et al., 2006). The R7 family members also contain a Gy-like
(GGL) domain that binds G5, an interaction that is neces-
sary for stable expression of both proteins. G5 knockout
mice also lack expression of all four R7 family RGS proteins
(Chen et al., 2003). Specific targeting of the DEP or GGL
domain of an R7 family RGS could serve as an alternative
route to target function of these proteins. Inhibition of the
RGS-Gp; interaction would down-regulate expression of that
particular RGS protein. Likewise, inhibition of the interac-
tion between the DEP domain of RGS9 and R7BP could
downregulate RGS9 expression, because a couple reports
have shown that RGS9 depends on this interaction for stable
expression (Anderson et al., 2007a,b).

The R12 family members RGS 12 and 14 also contain
additional functional domains. The C-terminal Ge;,-Loco
motif has guanine nucleotide dissociation inhibitor activity
toward Goy,, Gays and Ga;; (Kimple et al., 2001; Siderovski
and Willard, 2005). Binding of the Ge;,-Loco motif to Ga
inhibits the activation of the G protein by preventing ex-
change of GDP for GTP. It also blocks association of Ga with
Gpy, potentially leading to prolonged Bvy signaling.

The members of the RZ family of RGS proteins, which are
less well characterized than the other families, all have an
N-terminal cysteine string motif (for review, see Nunn et al.,
2006) that is a target for palmitoylation. The cysteine string
can serve as a site for protein-protein interactions, and the
palmitoylation could be a signal for subcellular trafficking or
protein stability (for review, see Linder and Deschenes,
2007).

RGS Proteins Are Important Targets for Drug Discovery

Since their discovery approximately 15 years ago, impor-
tant biological roles for RGS proteins have been identified.
Given their role in regulating GPCR signaling, it is not sur-
prising that they have been suggested to be potentially in-
teresting targets for drug discovery. The literature on the
physiological functions of RGS proteins has expanded greatly
in recent years, so only selected aspects of RGS protein func-
tion are discussed here (Hepler, 1999; Ross and Wilkie, 2000;
Zhong and Neubig, 2001; Hollinger and Hepler, 2002;
Traynor and Neubig, 2005; Blazer and Neubig, 2009; Sjogren
et al., 2010). The numerous RGS knockout mouse models
have been reviewed recently (Kaur et al., 2010).

Substantial data demonstrate roles for endogenous RGS
proteins in cardiovascular functions, such as regulation of
blood pressure and cardiac rhythmicity. RGS2 is expressed in
vascular smooth muscle cells and heart, and RGS2 knockout
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mice are hypertensive, suggesting a role in blood pressure
homeostasis (Heximer et al., 2003). In contrast, RGS5 knock-
out mice were shown in one study to be hypotensive (Cho et
al., 2008), possibly suggesting a tightly regulated balance
between different RGS proteins in the control of physiological
responses. RGS proteins have also been demonstrated, by us
and others, to regulate cardiac rhythmicity through actions
in the sinoatrial and atrioventricular nodes in the heart (Fu
et al., 2006, 2007; Bender et al., 2008; Cifelli et al., 2008).

There is substantial central nervous system expression of
many RGS protein subtypes (Gold et al., 1997). Several,
including RGS4 and RGS9, control effects of opiates and
other drugs of abuse (Gold et al., 2003; Rahman et al., 2003;
Zachariou et al., 2003; Traynor and Neubig, 2005). RGS4
associates with - and/or 8-opioid receptors in vitro and in-
hibits signaling via these receptors (Georgoussi et al., 2006;
Wang et al., 2009b). Although RGS4 knockout mice initially
showed no difference in opiate dependence (Grillet et al.,
2005), targeted RGS4 knockdown in the locus ceruleus in-
creased morphine reward, whereas in the nucleus accum-
bens, RGS4 acted as a negative regulator of opioid depen-
dence (Han et al., 2010). RGS9 knockout mice have markedly
enhanced opioid-induced analgesia and are more susceptible
than wild-type mice to the development of morphine depen-
dence, implicating RGS9 as an important regulator of opioid
functions in the central nervous system (Zachariou et al.,
2003) along with RGS4.

RGS9 is highly expressed in the striatum, and RGS9
knockout mice have impairments in motor coordination
(Blundell et al., 2008). They develop more severe L-DOPA-
induced dyskinesias compared with wild-type mice in models
of Parkinson’s disease (Gold et al., 2007). In addition, over-
expression of RGS9 in the striatum in primate models of
Parkinson’s disease attenuates L-DOPA-induced dyskinesias
(Gold et al., 2007).

Evidence is emerging of the role of RGS proteins in cancer
biology. GPCR signaling in cancer progression is an area of
increasing interest; several RGS proteins have been impli-
cated in regulating GPCR-mediated signals in various can-
cers (for review, see Hurst and Hooks, 2009). Altered expres-
sion levels of several RGS proteins have been detected in
various cancer forms, including prostate cancer (RGS2),
breast cancer (RGS4), and hepatocellular carcinoma (RGS5).
Reduced expression of RGS2 in androgen-independent pros-
tate cancer leads to increased GPCR signaling linked to un-
inhibited cell growth (Cao et al., 2006). Overexpression of
RGS2 in prostate cancer cell lines leads to decreased signal-
ing that is also seen in part with a GAP-deficient mutant,
suggesting a mechanism involving non-RGS domains of the
protein. A recent study showed that RGS4 is down-regulated
in breast cancer and overexpression of RGS4 in metastatic
breast cancer cells reduced both invasion and migration (Xie
et al., 2009 and see below).

Given these and many other biological functions attributed
to RGS proteins, it is clear that they could serve as important
drug targets. Several groups, including our own, have under-
taken strategies for high-throughput screening for com-
pounds that modulate RGS protein function. Young and col-
leagues used a yeast two-hybrid approach and identified a
series of compounds (Young et al., 2004) and peptides (Wang
et al., 2008) that inhibit RGS4 GAP activity by blocking the
interaction with Goy,. Our lab has developed biochemical

methods to screen for inhibitors of the RGS-Ga interaction.
The Flow Cytometry Protein Interaction assay is a bead-
based assay that has been adapted to high-throughput
screening and can be multiplexed to study the effects of
compounds on several RGS proteins in the same well (Roman
et al., 2009). Using this method, CCG-4986 was identified as
an inhibitor of the Ga-RGS4 interaction, with selectivity over
other RGS proteins (Roman et al., 2007).

The common denominator of previous studies has been the
goal of finding inhibitors of the Ga-RGS interaction. Such
compounds would be very useful pharmacological tools to
increase understanding of the biological functions of RGS
proteins. However, from a clinical perspective, enhancers
rather than inhibitors may be more useful in drug develop-
ment. This is supported by emerging data showing reduc-
tions in RGS protein expression or function in several patho-
physiological states. Modulators of RGS protein expression
could be an effective way to increase (or decrease) the func-
tion of these proteins. As discussed above, many RGS pro-
teins have functions besides their GAP activity. Increased
expression would also modulate those functions, whereas a
RGS/Ga inhibitor would not. One alternative approach to
increasing RGS activity that we will discuss first is allosteric
modulation of RGS protein function.

Allosteric Modulation of RGS Protein Function

The presence of additional domains in many RGS proteins
provides mechanisms to allosterically modulate function,
both within and from outside of the RGS domain. R7 family
RGS proteins form an obligatory dimer with GB35 and this
interaction is necessary for stable expression. G5 knockout
mice lack expression of all four members of the R7 family of
RGS proteins (Chen et al., 2003). Their interaction with the
broadly expressed membrane anchor R7BP seems to be more
complicated. In most cases, this serves to target the RGS
proteins to the plasma membrane, but in the case of the
brain-specific isoform of RGS9, it also stabilizes RGS9 pro-
tein expression. RGS9, but not RGS7, is rapidly degraded by
cysteine proteases in the absence of R7BP (Anderson et al.,
2007a,b).

Slepak and colleagues (Narayanan et al., 2007; Sandiford
and Slepak, 2009) recently reported a novel receptor-specific
role of the DEP domain of RGS7 that might be modulated
chemically to affect RGS7 function. The RGS7 DEP domain
can bind to the third intracellular loop of the M3 (but not the
M1) muscarinic receptor and inhibit its coupling to G, by a
mechanism that does not involve the RGS GAP function
(Narayanan et al., 2007; Sandiford and Slepak, 2009). In
addition, RGS7 interacts with GB35 via the GGL domain, as do
all members of the R7 family. One study found a novel
interaction between the RGS7 DEP domain and recombinant
GB; (Narayanan et al., 2007) that was suggested to subserve
an intramolecular inhibition role in the complex. In the in-
tact RGS7/GB5 complex, a closed form of the DEP/Gf5 con-
tact was less active at inhibiting Ga,, signaling via the mus-
carinic M3 receptor (Narayanan et al., 2007). Mutations in
the RGS7 DEP domain disrupted the GB35 interaction, sug-
gesting that chemical modulation of that process might lead
to increased activity of RGS7 in inhibiting G, signaling.
Perhaps this could also enhance the DEP-dependent receptor
recruitment of R7 family RGS proteins to modulate their
classic GAP function as well. Finally, recent crystallographic

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

Approaches to Targeting of RGS Proteins in Drug Discovery

data suggest that this DEP/GB; contact may also occur for
RGS9 (Cheever et al., 2008).

Similar to inhibiting protein-protein interactions involving
R7 family RGS proteins and their binding partners, a way to
modulate RGS2 function is to inhibit interaction with AC,
specifically targeting RGS2 effects on G,-mediated signaling.
Other protein-protein interactions have also been identified
that may have potential in drug development. As is discussed
in the recent review by Sethakorn et al. (2010), RGS3 can
interact with the Mad homology domain of Smad3, thereby
regulating transforming growth factor-B8 signaling (Yau et
al., 2008). This interaction was mapped to a region outside
the RGS domain and may be another potentially interesting
interaction to target. The full significance of the RGS3-
Smad3 interaction is not yet known, but given the role for
transforming growth factor-B in regulating cell growth and
survival, this may prove to have clinical importance.

Phosphorylation of proteins can serve many roles, such as
activation or inactivation of an enzyme. RGS16 is phosphor-
ylated at Tyr'%® in the RGS domain by p60 Src kinase in vitro
(Derrien et al., 2003). This phosphorylation increases GAP
activity and stabilizes RGS16 protein expression in stably
transfected cells. This could be an important regulatory
mechanism for RGS16 activity by dual actions on GAP activ-
ity and protein expression and could serve as an alternative
route in drug discovery toward RGS16 protein modulators.

Targeting the RGS-Ga interaction has for several years
been attempted by us and others. The R4 family of RGS
proteins has been extensively studied, and it is the only
family of RGS proteins for which small-molecule and peptide
inhibitors have been reported (Jin et al., 2004; Roof et al.,
2006; Roman et al., 2007, 2009; Wang et al., 2008). Despite
the small and relatively simple structure of R4 family RGS
proteins, allosteric modulation of GAP activity may be pos-
sible. The structure of the RGS domain of RGS4 bound to
Ga;; (Tesmer et al., 1997) revealed two potential drug binding
pockets on the surface of RGS4, and a recent review article de-
scribed the structure of RGS domains in detail (Tesmer, 2009). The
site of contact between RGS4 and the Goy; subunit in the cocrystal,
also known as the A site (Zhong and Neubig, 2001), is a flat surface
that may be difficult to target with small molecules. The second
potential drug binding pocket, on the “back” of the molecule, has
been termed the B site (Zhong and Neubig, 2001). This site is more
similar in size and shape to “druggable” pockets on other proteins
and may serve as a possible allosteric site to modulate GAP activ-
ity. Indeed, we have shown that the potent RGS4 inhibitor CCG-
4986 [methyl-N-[(4-chlorophenyl)sulfonyl]-4-nitrobenzenesulfin-
imidoate] binds to two cysteines in the RGS domain of RGS4
(Roman et al., 2010), one of which is located near the proposed B
site of the molecule. A second, reversible RGS4 inhibitor also acts
on those residues (Blazer et al., 2010).

This site also seems to play a role in physiological regula-
tion of R4 family function. Wilkie and coworkers (Popov et
al., 2000) showed that several members of the R4 family of
RGS proteins interact with phosphatidyl-3,4,5-trisphos-
phate, which inhibits GAP activity. It is noteworthy that this
can be reversed by Ca®"/calmodulin binding to a similar site
on the RGS domain (Popov et al., 2000; Ishii et al., 2001,
2002, 2005). Given the role of R4 family RGS proteins in
regulation of Ga,-mediated calcium signaling, this probably
represents an endogenous negative-feedback mechanism
whereby Ca®" increases RGS activity to suppress Ca®" re-
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sponses. It is intriguing to consider that this natural process
could be co-opted pharmacologically to inhibit or enhance R4
family RGS protein function.

RGS Proteins Can Be Rapidly Degraded

Several RGS proteins have a short in vivo half-life because
of rapid degradation in cells. Furthermore, the expression of
several RGS proteins is reduced in various disease states.
Ubiquitin-mediated proteasomal degradation is an impor-
tant regulatory system for many cellular processes, including
cell-cycle control, stress responses, and breakdown of mis-
folded proteins. These pathways have been well described
elsewhere (for example, see Hershko and Ciechanover, 1998).
In brief, a protein targeted for degradation is coupled to a
chain of ubiquitin molecules by a series of enzymes: E1 (ubiq-
uitin-activating enzyme), E2 (ubiquitin-conjugating enzyme),
and E3 (ubiquitin ligases). The ubiquitylated protein is then
recognized by the 26S proteasome and degraded. Drugs tar-
geting protein degradation are already in use for the treat-
ment of various cancers. The first FDA approved drug was
the proteasome inhibitor bortezomib (Velcade) (for review,
see Adams, 2004). Subsequently, similar drugs, such as carf-
ilzomib and NPI-0052 (Salinosporamide A) have entered clin-
ical trials for the treatment of various cancers (for review, see
Yang et al., 2009). However, targeting general protein deg-
radation will give rise to a number of side effects. A more
focused approach could be taken by inhibiting specific en-
zymes in the degradation pathway. For instance, there are
more than 500 known mammalian E3 ligases, and targeting
one of these enzymes might be a better strategy to improve
selectivity. More knowledge of specific degradation pathways
of individual RGS proteins in specific tissues or under patho-
physiologic situations is required for this approach to be
successful.

The N-end rule pathway, first proposed by Alexander Var-
shavsky, is a collection of molecular components that tag
proteins bearing an N-degron for proteasomal degradation.
This could be considered a “front end” to the ubiquitin/pro-
teasomal degradation pathway. N-degrons are created by
proteolytic cleavage of the initial methionine, exposing resi-
due 2 (from a gene-numbering perspective) at the N terminus
of a protein. Depending on the nature of this residue, it can
be stabilizing or destabilizing (Varshavsky, 1996; Meinnel et
al., 2006; Tasaki and Kwon, 2007; Fig. 1). N-degrons are, by
definition, destabilizing and can be divided into primary,
secondary, and tertiary destabilizing residues (Fig. 1). Desta-
bilizing N-terminal residues are recognized by the N-end rule
pathway components, ubiquitylated, and targeted to the pro-
teasome. Primary N-degrons are direct targets for degrada-
tion, being recognized by E3 ligases. In mammalian cells,
these are divided into type I (Arg, Lys, and His) and type II
(Leu, Phe, Trp, Tyr, and Ile), denoting specificity for different
classes of E3 ligases. Secondary destabilizing residues (Asp,
Cys, and Glu) first need to be conjugated to Arg by R-trans-
ferase (gene name ATE-1) to create primary N-degrons. The
third secondary destabilizing residue Cys requires oxidation
before Arg conjugation. The two tertiary destabilizing resi-
dues Asn and Glu are deamidated into the secondary desta-
bilizing residues Asp and Gln, respectively. In mammalian
cells, this enzymatic process is carried out by N-terminal
amidases specific for either Asn or Glu. The mammalian
Asn-specific N-terminal amidase (Ntanl) shows high homol-
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ogy to the Saccharomyces cerevisiae nonspecific Ntalp
(Grigoryev et al., 1996), but the Glu-specific Nt-amidase
(Ntaql) has only recently been cloned and characterized
(Wang et al., 2009a).

The importance of the N-end rule machinery is demon-
strated by the fact that ATE-1 knockout mice are embryoni-
cally lethal (Kwon et al., 2002). Moreover, several types of
cancer, including breast cancer, are linked to mutations or
altered expression levels of E3 ligases or other components of
the ubiquitin/proteasomal pathway (reviewed in Chen et al.,
2006 and Hoeller et al., 2006).

Several RGS proteins contain a potentially destabilizing
N-terminal residue (Fig. 1), and numerous reports support
N-end rule-mediated degradation of RGS proteins (Davydov
and Varshavsky, 2000; Lee et al., 2005; Bodenstein et al.,
2007). Furthermore, RGS protein expression is tightly regu-
lated and is altered in pathophysiological states (Zmijewski
et al., 2001; Derrien et al., 2003; Song and Jope, 2006; Zou et
al., 2006; Anderson et al., 2007a,b; Xie et al., 2009).

The best-characterized example of N-end rule pathway-
mediated degradation of RGS proteins is RGS4, which has an
N-terminal cysteine (a secondary N-degron). The earliest
report came from Davydov and Varshavsky (2000), who
found RGS4 to be degraded through the N-end rule pathway
both in vitro and in vivo. Mutants of RGS4 (C2G, C2V, and
C2A) were stably expressed and not up-regulated after treat-
ment with a proteasome inhibitor. They also found RGS16 to
be regulated by the N-end rule pathway, and subsequent
studies have identified RGS5 as another substrate (Lee et al.,
2005; Bodenstein et al., 2007). These three proteins all have
an N-terminal cysteine followed by a basic residue (lysine or
arginine) that, in some systems, is a second target signal for
protein degradation. In fact, the RGS4 K3S and RGS8 A2C
mutants are stable despite the presence of the N-terminal
cysteine (Davydov and Varshavsky, 2000; Bodenstein et al.,
2007).

Members of our laboratory found differences in the ability
of different RGS proteins of the R4 family to inhibit calcium
responses elicited by G, -coupled muscarinic receptor activa-
tion in HEK-293 cells (Bodenstein et al., 2007). This differ-
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ence was due largely to low protein expression of RGS4 and
RGS5 compared with RGS2 and RGS8. The proteasome in-
hibitor N-benzoyloxycarbonyl (Z)-Leu-Leu-leucinal (MG-132)
increased protein expression of all RGS proteins studied
(RGS 2, 4, 5, and 8), RGS4 showing the greatest increase
(>15X), suggesting that these proteins are degraded by the
proteasome in HEK-293 cells. As in previous studies, a sta-
bilizing mutation in RGS4 (C2S) increased basal protein
expression more than 50-fold and prevented any further ef-
fect of MG-132 treatment, consistent with a role for the
N-end rule pathway, where cysteine is a destabilizing residue
and serine is a stabilizing residue.

Two potentially destabilizing mutations of RGS2, Q2L and Q2R,
were found in a group of Japanese patients with hypertension
(Yang et al., 2005), which is intriguing in light of the role for RGS2
expression in the regulation of blood pressure (Heximer et al.,
2003). The mutations are relatively rare (5 of 1724 hypertensive
subjects, or 0.3%). We showed in HEK-293 cells that one mutant
(RGS2-Q2L) exhibited severely reduced protein expression and
markedly increased effects of MG-132, whereas the other, Q2R,
also showed reduced expression but to a lesser extent (Bodenstein
et al., 2007). It is noteworthy that that same study (Yang et al.,
2005) found another mutation (R44H, 6 of 1724, also 0.3%) that
has been shown to reduce membrane localization and function (Gu
et al., 2008). Consequently, strategies to pharmacologically en-
hance RGS2 expression could be quite useful in hypertension and
other cardiovascular diseases.

A better understanding of the molecular mechanisms in-
volved in the degradation of specific RGS proteins in partic-
ular tissues could provide novel pharmacological targets to
enhance their activity. As shown in Fig. 1, there are numer-
ous steps at which this could be accomplished (Ntan1, Ntaql,
ATE]1, and various E3 ligases).

Stabilizing RGS Protein Expression—Implications in
Pathophysiology

Compelling evidence has come from several recent studies
that identified changes in RGS protein expression as a pos-
sible pathophysiological mechanism in disease states. Xie et
al. (2009) identified RGS4 degradation as a possible contrib-

O

PROTEASOMAL
DEGRADATION

Fig. 1. Role of the N-end rule pathway in RGS protein degradation. The N-end rule pathway of protein degradation is based on destabilizing residues
in the N terminus of a protein. These are represented with standard one-letter amino acid codes. The primary destabilizing residues (green) are
ubiquitylated by a series of enzymes initially identified in yeast, N-recognin (Ubrlp, E3), Ub-conjugating enzyme (Ubc2p, E2), and Ub-activating
enzyme (Ubalp, E1), and then are targeted for proteasomal degradation. The secondary residues [yellow; Asp (D) and Glu (E)] must first be
arginylated by R-transferase (mammalian ATE-1) to create primary N-degrons. The third secondary destabilizing residue, Cys (C), is oxidized before
arginylation. Finally, the tertiary destabilizing residues (red) Asn (N) and Gln (Q) are converted to secondary residues by the mammalian N-terminal
amidases specific for asparagine (Ntanl) and glutamine (Ntaql), respectively. Several RGS proteins are predicted substrates for this pathway based
on their N-terminal residues (indicated in the figure). RGS4, RGS5, and RGS16 (purple) are so far the only RGS proteins confirmed to be degraded
by this pathway (Davydov and Varshavsky, 2000; Lee et al., 2005; Bodenstein et al., 2007). Also shown are native RGS proteins predicted to be stable
and mutant RGS proteins that are either stabilized or have been shown to be degraded through the proteasome (Bodenstein et al., 2007).

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

Approaches to Targeting of RGS Proteins in Drug Discovery

utor to breast cancer invasion. They found that transient
expression of wild-type but not a GAP-deficient mutant of
RGS4 (N128A) effectively inhibited migration of metastatic
breast cancer cells (MDA-MB-231) induced by NIH-3T3 fi-
broblast conditioned medium. Expression of RGS4 in a xeno-
graft tumor model in nude mice significantly reduced muscle
cell invasion with no effect on tumor incidence (Xie et al.,
2009). The effect of RGS4 expression was assigned to its
regulation of Go;-mediated signaling via the protease-acti-
vated receptor 1, which has previously been identified as an
important signaling pathway in breast cancer metastasis
(Boire et al., 2005). Furthermore, RGS4 protein levels are
significantly reduced in human breast carcinomas, as dem-
onstrated by immunohistochemical analysis of tissue sam-
ples (Xie et al., 2009). It is noteworthy that RGS4 mRNA
expression is greatly up-regulated (>2000 times) in invasive
breast cancer cell lines compared with normal epithelial
cells, suggesting that the reduced protein levels of RGS4 are
due to markedly increased protein degradation. By inhibiting
protein degradation with MG-132, a proteasome inhibitor,
RGS4 protein levels were restored and cell migration was
inhibited (Xie et al., 2009). Together, these data indicate that
RGS4 protein expression is an important factor in breast
cancer metastasis.

RGS2 could also be an interesting target with respect to
protein stabilization. RGS2 knockout mice are hypertensive
(Heximer et al., 2003), and human mutations in RGS2 have
been identified that are connected to hypertension. The
RGS2-Q2L mutation identified in a Japanese population of
patients with hypertension (Yang et al., 2005) has reduced
stability compared with wild-type in transfected cells (Boden-
stein et al., 2007). RGS2 is also a negative regulator of
cardiac hypertrophy. al Adrenergic receptor stimulation in
primary ventricular myocytes leads to increases in RGS2
mRNA levels, whereas the expression of other RGS proteins
(RGS 3, 4, and 5) is unaffected. Moreover, overexpression of
RGS2 in these cells blocks (Zou et al., 2006), and RNA inter-
ference-mediated knockdown of RGS2 exacerbates (Zhang et
al., 2006) a1l adrenergic-induced hypertrophy. These effects
have been assumed to be due to regulation of Ga, signaling.
However, recent data suggest that additional mechanisms
may be involved.

Chidiac and colleagues (Nguyen et al., 2009) recently dem-
onstrated that RGS2 can regulate protein translation. RGS2
suppressed protein translation in vitro by binding to and
inhibiting eukaryotic initiation factor 2Be, the rate-control-
ling enzyme in protein translation. Furthermore, they found
increased levels of protein translation in RGS2 knockout
mice (Nguyen et al., 2009). RGS2 expression, at both the
mRNA and protein levels, is known to be up-regulated by
several forms of stress, such as oxidative stress, DNA dam-
age, and mechanical stress, situations that are also exhibit
reductions in de novo protein synthesis (Zmijewski et al.,
2001; Song and Jope, 2006). It is possible that this up-regu-
lation of RGS2 could be a way to restore cellular integrity by
suppressing protein translation. Furthermore, this could be
an alternative mechanism for RGS2 to suppress induction of
cardiac hypertrophy, which is also characterized by an in-
crease in protein synthesis.

As discussed above, several RGS proteins are involved in
regulating the effects of drugs of abuse. An early study iden-
tified altered RGS protein expression in response to mor-
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phine (Gold et al., 2003). RGS2 and 4 mRNA levels in the
locus ceruleus increased 2- to 3-fold during opiate with-
drawal, with a peak at 6 h. The levels returned to normal
after 24 h. As with RGS4 in breast cancer regulation, there
were discrepancies between mRNA and protein levels of
RGS2 and 4. Protein levels showed a 2-fold increase but had
returned to normal levels 6 h after opiate withdrawal (Gold
et al., 2003). With the potential for both of these proteins to
be rapidly degraded via the N-end rule pathway, these find-
ings might not be too surprising. The authors of this study
argued that increased levels of RGS proteins might be an
additional cause of opiate dependence, because they can re-
duce signaling via opiate receptors. The increased RGS pro-
tein expression upon withdrawal could therefore explain in
part the withdrawal symptoms. The exact molecular mecha-
nism of the up-regulation of RGS proteins remains unknown.

Conclusions and Future Directions

Since their discovery 15 years ago, RGS proteins have
emerged as important regulators of GPCR signaling and novel
drug targets in a number of pathophysiological states. As more
knowledge has been obtained about RGS protein function, it
has become clear that there is more to the story than just
accelerating GTPase activity on activated Ga proteins. This
review summarizes studies on alterations in RGS protein ex-
pression in several diseases and presents an alternative route
in drug discovery through regulation of expression and/or allo-
steric mechanisms. Compounds that specifically stabilize pro-
tein expression of certain RGS proteins could potentially be
useful in a clinical setting to increase the overall effects of the
RGS protein. This would not be limited to the GAP activity but
would be available to all aspects of RGS protein function. Fur-
thermore, given that one RGS protein could be differentially
regulated in different cell types, tissues, or pathological states,
these approaches might serve to increase specificity. In the case
of RGS4, which is expressed in multiple tissues and brain regions,
targeting a function specific to one cell type might decrease ad-
verse effects in other tissues. Indeed RGS4 seems to play different
roles in different tissues, as described above, with various func-
tions in the brain, cardiovascular system and in the regulation of
cancer progression. Much more work is needed to elucidate regu-
latory mechanisms in specific cellular environments.
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