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G protein– coupled receptors (GPCRs) play critical roles in
regulating processes such as cellular homeostasis, responses to
stimuli, and cell signaling. Accordingly, GPCRs have long served
as extraordinarily successful drug targets. It is therefore not sur-
prising that the discovery in the mid-1990s of a family of pro-
teins that regulate processes downstream of GPCRs generated
great excitement in the field. This finding enhanced the under-
standing of these critical signaling pathways and provided
potentially new targets for pharmacological intervention. These
regulators of G-protein signaling (RGS) proteins were viewed by
many as nodes downstream of GPCRs that could be targeted
with small molecules to tune signaling processes. In this review,
we provide a brief overview of the discovery of RGS proteins and
of the gradual and continuing discovery of their roles in disease
states, focusing particularly on cancer and neurological disor-
ders. We also discuss high-throughput screening efforts that
have led to the discovery first of peptide-based and then of
small-molecule inhibitors targeting a subset of the RGS pro-
teins. We explore the unique mechanisms of RGS inhibition
these chemical tools have revealed and highlight the most
up–to– date studies using these tools in animal experiments.
Finally, we discuss the future opportunities in the field, as there
are clearly more avenues left to be explored and potentials to be
realized.

Since the discovery of the family of regulators of G-protein
signaling (RGS)3 proteins in yeast, Caenorhabditis elegans, and
mammalian cells in the middle to late 1990s, their critical role in
modulating cellular signaling responses has provided a basis
for examining them as drug targets (1–5). The rationale for
looking to these proteins as targets for pharmacological inter-

vention was originally based on their role in regulating the
pathways triggered through G-protein– coupled receptors
(GPCRs), which have long represented a major target class for
therapeutics. In fact, a recent analysis of GPCRs as drug targets
by Sriram and Insel (6) estimates that 35% of approved drugs act
on GPCRs. The physiological processes regulated by these
receptors are of great importance in drug development, so it is
not surprising that the discovery of RGS proteins triggered an
interest in them as new drug targets.

A brief history of RGS protein discovery

The discovery of RGS proteins as a family developed through
the study of a number of different systems, with key publica-
tions in 1995–1996. Work in Saccharomyces cerevisiae deter-
mined the novel factor regulating pheromone sensitivity, Sst2,
was a regulator of Gpa1, a yeast G� subunit (3, 7). In 1996, work
in the nematode C. elegans described mutations in the gene
egl-10 that mirrored mutations in another signaling protein,
GOA-1, analogous to G proteins in mammals (4). It was then
recognized that EGL-10 and Sst2 shared sequence similarity to
one another, as well as to mammalian proteins of unknown
function, which were then proposed to be a new class of mam-
malian GPCR regulators by several independent laboratories (4,
5, 8). The rapid rate of discovery accelerated as the importance
of these findings was realized, as evidenced by the rapid publi-
cation of high-impact papers by independent groups that, as a
collection, described that (a) RGS proteins directly interacted
with G-protein � subunits; (b) the RGS interaction with these �
subunits increased the rate of GTP hydrolysis by G� (GAP
activity); and (c) there was specificity of different RGS proteins
for different G� subunits (2, 9, 10). A publication further inves-
tigating the mechanism of RGS protein activity described how
these proteins catalytically stimulate GTP hydrolysis by G�
subunits via stabilization of the transition state for GTP hydro-
lysis, establishing their canonical GTPase-activating or GAP
activity (Fig. 1) (1). As determining the mechanism of RGS pro-
tein activity was pursued, others focused on the structure of
RGS proteins. A seminal publication in 1997 revealed not only
the structure of what has been variably referred to as the “RGS,”
“RH” (for RGS homology), or “RGS box” domain (Fig. 2), but
also the critical structural determinants of RGS interaction with
G�, and the structural basis underlying its GAP activity (Fig. 3)
(11). Concurrently, research focused on the cellular effects of
RGS proteins as a family, examining downstream effectors of
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GPCR-mediated signaling such as mitogen-activated protein
kinase activation (12), G-protein– inwardly-rectifying potas-
sium channels (13, 14), adenylyl cyclase activity (15), and many
others. The identification of increasing numbers of RGS pro-
tein family members also led to investigation of expression pat-
terns in animal models. One of the first studies focused on the
rodent brain, where distinct expression patterns for a number
of RGS family members were established (16). These studies
provided insight into the unique role that each of these new
protein family members play in physiological or pathological
processes mediated by GPCRs. During a short, approximate

2-year period, RGS proteins developed from a potentially new
class of GPCR-signaling modulators to a family of proteins with
characterized biochemical mechanism, structure, role in cellu-
lar signaling, and expression. The following years were marked
by exponential growth in the number of publications focused
on RGS proteins and a sustained interest in this important fam-
ily of proteins.

As RGS proteins continued to be subjected to intense inves-
tigation, more was revealed about not only the number of mam-
malian RGS proteins (and genetic variants) that existed, but
also the diversity of this protein family. The first RGS proteins

Figure 1. G-protein– coupled receptor cycle of G-protein activation and RGS GAP activity. The cycle is initiated by a ligand binding to a GPCR. The G���
heterotrimer then binds to the GPCR, which exchanges the GDP on the G� subunit for GTP, and this results in a dissociation of the complex to G� and G��
subunits. Now, the G� and G�� subunits are free to activate downstream signaling pathways. Signaling is terminated when the G� subunit hydrolyzes the
bound GTP to GDP. RGS proteins bind to the G�–GTP and accelerate the rate of GTP hydrolysis, effectively aiding in signal termination. RGS proteins dissociate
from the GDP-bound G� subunit, which is sequestered by the �� subunit. This reforms the heterotrimer and readies the cycle for reactivation upon further
GPCR-ligand binding. These structures are adopted from the following Protein Data Bank structures: 1AGR (G�, RGS) and 3SN6 (GPCR, G�, ��) (11, 104).

Figure 2. Illustration RGS family members and relevant domains. The following abbreviations are used: CYS, cysteine string; PDZ, domain from presence in
proteins PSD-95, Dlg, and ZO-1/2; PTB, phosphotyrosine-binding domain; RBD, Raf-like Ras-binding domain; GoLoco, G-protein regulatory motif; �-cat,
�-catenin binding domain; GSK3�, GSK3�-binding domain; DAX, domain present in disheveled and axin; DH, Dbl homology domain; PH, pleckstrin homology
domain; DEP, Dishevelled/EGL-10/pleckstrin domain; GGL, G protein �-like domain.
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discovered and studied in mammals were members of what is
now known as the R4 family, typified by RGS4. This family
represents the least structurally and functionally complex of all
RGS proteins. Since their discovery, RGS proteins have been
classified into different structural and functional families. RGS
protein families were established, named after their prototypi-
cal members: A/RZ, B/R4, C/R7, D/R12, E/RA, F/GEF, and
G/GRK. Unlike the B/R4 family with RGS4 as the prototype, the
other families consist of proteins with multiple domains that
interact with a diverse collection of proteins beyond G� and
have more complex cellular function domains, such as PDZ
domains, Dbl homology/pleckstrin homology domains, G-pro-
tein �-like domains, Ras-binding domains, �-catenin– binding
domains, GSK3�, DAX, kinase, and GoLoco domains (Fig. 2).
To date, there are at least 20 distinct RGS proteins classified,
made even greater by the many genetic variants of some RGS pro-
teins that continue to be revealed, such as RGS6 that has multiple
splice variants that vary in function and localization (17).

Although the non-RH domains of RGS proteins have critical
functions, the most targeted domain for identifying novel RGS
inhibitors is the RH domain, and this is our major focus. How-
ever, even this domain’s relatively simple structure presents a
unique set of challenges. RH domain function, for example, is
difficult to study in isolation as it lacks an intrinsically measur-
able function—its GAP activity is evident only in the presence
of its cognate G-protein � subunit. Because of this, many dis-
covery efforts are focused on targeting the protein–protein
interaction of the RGS RH domain with G� subunits via
protein–protein interaction studies or measurable downstream
cellular functions as mediated by RH domain activity.

Why target RGS proteins?

The body of literature describing the role of RGS proteins in
a remarkable number of cellular processes is vast and growing.
With nearly every new function revealed, the role of a small
molecule that would be useful as a drug or probe molecule for
further investigation can be inferred. There are a number of
recent publications on RGS proteins in cancer (17), inflamma-
tion (18), cardiovascular processes (19 –21), neuroinflamma-
tion (22), and even pregnancy (23, 24) that describe the diverse

role RGS proteins play in these processes. In this review we will
present examples that help reinforce the rationale behind the
search for RGS inhibitors, in particular, those focused on neu-
rological disorders and cancer.

RGS proteins as targets provide unique advantages over tar-
geting the upstream GPCRs. For example, it is known that a
given receptor can be regulated by different RGS proteins; how-
ever, the co-expression of a specific RGS protein in a tissue that
expresses a nonunique GPCR (i.e. ones expressed in multiple
tissues/cells) would provide an increased level of specificity
over targeting the receptor for regulating those signaling path-
ways triggered via those GPCRs.

RGS proteins in neurological processes

RGS proteins are implicated in a number of neurological dis-
orders. Much of our understanding regarding the role RGS pro-
teins play in these disorders can be attributed to early studies
involving the generation of RGS-insensitive G� subunits and
RGS-insensitive knockin mice (25, 26). These mutant G� sub-
units create an uncoupled RGS–G� state that provides essen-
tial information about the physiological impact of disrupting
this interaction. Subsequent RGS knockout or knockdown
studies have also been used to mimic an environment where
GPCR signaling goes unchecked by RGS proteins, and they
have reinforced the important role of RGS proteins in signal
transduction (17, 27, 28).

One of the areas where signaling imbalance is evident is in
the nervous system, where even minor changes to signaling can
cause striking phenotypes (29). For example, changes in GPCR
regulation of pre- and postsynaptic neurotransmission can sig-
nificantly impact synaptic plasticity, a process that is key in
learning and memory (30, 31). A number of RGS proteins
(RGS2, -4, -7, -9-2, and -14) have been implicated in disease
states that involve alterations to pre- and postsynaptic neu-
rotransmission (25, 32–34), pointing to a role for them in learn-
ing and memory. Furthermore, unique expression patterns of
RGS proteins have also been shown to be important in the pro-
cesses they regulate. For example, expression patterns for
RGS7, -9-2, and -14 are more discrete in the brain than that of
RGS2 and RGS4 (16, 35–37), which are widely expressed, and
infer more specific roles for these RGS proteins. RGS14, for
example, is highly expressed in the pyramidal neurons of the
hippocampal area CA2 (38), a region that is resistant to synaptic
strengthening as a result of patterned activity (long-term
potentiation). RGS14 knockout mice exhibit a significant
capacity for long-term potentiation in CA2 neurons, and these
knockout mice were also found to have an increased capacity
for spatial learning (34). It was also revealed that long-term
potentiation is lost when Ca2�-activated pathways (NMDA
(N-methyl-D-aspartate), CaMKII (Ca2�/calmodulin-depen-
dent protein kinase II), and PKA (protein kinase A)) are inhib-
ited in RGS14 knockout mice (39). These results demonstrate a
central role for RGS14 in the plasticity of these synapses.

Another RGS protein that plays a number of roles in the
central nervous system is RGS9. RGS9 knockout mice, when
dosed with morphine (acute and chronic), have been found
to exhibit a significant increase in morphine reward, have
increased analgesia with delayed tolerance, and enhanced phys-

Figure 3. Structure of RGS4 protein with cysteine residues represented
as spheres: Cys-95 (red), Cys-71 (purple), Cys-132 (yellow), and Cys-148
(blue). �-Helices are labeled �1–9 and are adjacent to their designated loca-
tion based on the G�i1-bound RGS4 structure (1AGR) (11).
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ical dependence and withdrawal (40, 41). Behavioral sensitivity
to dopamine agonists is attenuated when RGS9-2 has been
overexpressed in the nucleus accumbens (reward center of the
brain) and is enhanced in RGS9-2 knockout mice (42), demon-
strating its role through both loss- and gain– of–function
experiments. Furthermore, RGS4, RGS6, RGS7, and RGS20 can
alter behavioral effects of opioids, with RGS4 and RGS20 pro-
moting analgesic activity (28, 43–46). RGS4, which has exten-
sive distribution in regions of the brain (37, 47), is implicated in
a number of dopamine-related diseases, including schizophre-
nia (48, 49), and has been a source of questions regarding its role
in movement disorders (27, 50, 51). Driven by these examples of
genetically-based observations, and others, small-molecule
modulators of RGS protein function have emerged as attractive
tools for more closely examining these processes using pharma-
cological methods. For example, inhibition of RGS4 with the
small-molecule CCG-63802, a compound we will return to later
in this review, was found to enhance analgesic signaling path-
ways mediated by opioid receptors and reduce neuropathic
pain, demonstrating a pharmacological recapitulation of the
genetic model (52).

RGS6, RGS7, and RGS9, have been implicated in a multitude
of disease states, which is likely a result of the multifunctional
domains they possess. RGS6 has been the subject of intense
study and is implicated in a number of neurological disease
states (17). Studies with RGS6 have demonstrated its role as a
critical mediator of alcohol-seeking behavior, anxiety, depres-
sion, and survival of aging dopaminergic neurons of the sub-
stantia nigra pars compacta, which are lost in Parkinson’s
disease (53–55). SNPs (rs2332700 and rs4899412) in RGS6
provide genetic evidence for the association of RGS6 with schizo-
phrenia and Alzheimer’s disease, respectively (56, 57). Additional
SNPs found in other RGS proteins suggest a genetic predisposition
for certain central nervous system disease states (22, 58), such as a
SNP found in RGS1 (rs10492972) that is significantly associated
with the diagnosis of multiple sclerosis (22, 59).

The importance of RGS proteins in many neurological dis-
ease states provides rationale for the development of tool com-
pounds that can be used to study the role of an RGS protein in
disease development and progression. Positive results in animal
models with a compound should lead to more comprehensive,
sustained drug development efforts around a specific identified
compound class.

RGS in cancer

The historical and intense study of GPCRs by many groups
has led to the widespread recognition that signaling pathways
mediated by these important families of cell-surface receptors
are often critical in mediating oncogenic processes. The role of
GPCRs in cancer has been recently reviewed (60) and highlights
the role of many GPCRs in cancer, including protease-activated
receptors, G-protein estrogen receptor, lysophosphatidic acid
receptor, prostaglandin E2 receptors, sphingosine 1-phosphate
receptors, angiotensin II receptor, gonadotropin-releasing hor-
mone receptors, somatostatin receptors, endothelin receptors,
among many others (61, 62). Some of these receptors have
established RGS-mediated signaling pathways; for example, the
protease-activated receptor is regulated by multiple R4 family

RGS proteins (63–66). Because of this, many have examined
RGS proteins and their contributions to oncogenic processes.
Some of the hallmark oncogenic processes of uncontrolled
growth, invasion, and metastasis can be attributed to altera-
tions in signaling pathways, some of which are regulated by
RGS proteins. Because of this, RGS proteins are being examined
for therapeutic potential in cancer.

Recent publications have linked a number of RGS proteins to
various cancers, including RGS5 in squamous cell carcinoma
and ovarian cancer (67, 68), RGS6 in urinary bladder cancer
(69) and breast cancer (70), and RGS17 in hepatocellular carci-
noma, prostate cancer, and some lung cancers (71). More spe-
cifically, in ovarian cancer, decreased expression of RGS10 and
RGS2 results in cell proliferation and increased chemoresis-
tance (72, 73). To contrast this report, it was found that
increased expression of RGS19 promoted proliferation (74). It
has been shown in different cancers that alterations to the
expression patterns of specific RGS proteins can be deleterious.
In another example, down-regulation of RGS2 promotes cancer
cell proliferation in ovarian cancer (73), whereas the opposite
occurs in breast cancer (75). RGS6 presents another variation
on this theme, as it plays different roles in several cancer pro-
cesses, including Ras-induced cellular transformation (76),
while also functioning as a tumor suppressor by promoting p53
activation (69).

The most well-studied RGS protein in terms of small-mole-
cule drug discovery for cancer is RGS17. RGS17 is implicated in
several cancers and has been targeted by a number of high-
throughput screens. Studies show that RGS17 is overexpressed
in lung and prostate cancers. The role of RGS17 in cancer has
been examined in a number of mouse xenograft models, as well
as lung cancer-derived cell cultures, where genetic knockdown
of RGS17 shrunk tumors and arrested cell proliferation (77, 78).
RGS17 is overexpressed in some hepatocellular carcinomas,
breast cancers, and colorectal cancers, and knockdown of
RGS17 in cellular models of these cancers also showed de-
creased proliferation (79 –81).

Another interesting role for RGS proteins in cancer lies in
current therapeutics. It has been discovered that some che-
motherapeutic agents impact RGS expression (82, 83), which
likely impacts the effects of RGS proteins in those cancers
during treatment. Another report showed that RGS6 medi-
ated doxorubicin-induced cytotoxicity (84), which raises
questions whether small-molecule RGS modulators would
be beneficial as an adjunct to those therapies.

RGS proteins often display context dependence when it
comes to their modulation of various aspects of cancer biology.
Therefore, a cumulative understanding of the underlying roles
RGS proteins play in cancer is essential. As discussed, most
studies have relied on genetic knockout or knockdown of RGS
expression levels, which may affect the expression of other RGS
proteins in that same cellular context. Therefore, a powerful
tool for dissecting the exact role of a specific RGS protein is the
use of a specific pharmacological inhibitor or modulator. The
discovery of compounds that can be used to probe the role RGS
proteins play in these processes can establish a starting point for
therapeutic development.
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Efforts in RGS drug discovery

In light of the numerous biological functions attributed to
RGS proteins, their potential as targets for therapeutic inter-
vention has led to sustained discovery efforts. However, the
structure and function of RGS proteins present a challenge.
RGS proteins, by and large, are composed of protein–protein
interaction domains, which themselves do not have an intrinsic
biochemical activity that can be measured directly. Therefore,
most screening efforts for discovery of inhibitors have focused
on targeting RGS– effector protein–protein interactions. Tar-
geting protein–protein interactions with small molecules is a
significant challenge, and one that in the past has been consid-
ered intractable. Despite the difficulties, continued efforts have
shown promise and resulted in demonstrable successes in this
area (85–93). A significant hurdle in developing small-molecule
inhibitors is the size and profile of the protein interaction sur-
face, and RGS proteins are no exception. In addition, the RGS
protein location within the cell presents a second barrier for the
development of a small-molecule inhibitor, as any compound
would need to penetrate the cell membrane. Despite these chal-
lenges, there have been some successes.

Over the past 10 years, high-throughput screening tech-
niques and the subsequent identification of a number of RGS
inhibitors have been reported and are summarized in Tables 1
and 2. The first report of an RGS inhibitor was from the Neubig
and Mosberg laboratories, working together in the early 2000s.
This publication reported efforts taken to rationally design pep-
tide-based RGS inhibitors. In this work, peptides were devel-
oped as mimics of the Switch 1 region of G�i1, which interacts
with RGS proteins (94), allowing them to compete for G� bind-
ing with RGS proteins. Subsequent optimization of the first
RGS4 inhibitor peptides led to the generation of a disulfide-
bridged peptide, YJ34, which exhibited selectivity for RGS4 and
RGS8 over RGS7 (Table 2) (95). These peptides provided the

first pharmacological tools for assessing RGS protein function
and served as the inspiration for further efforts to discover pep-
tide-based inhibitors (96, 97). Interestingly, studies using pep-
tide libraries revealed some could act as covalent modifiers of
RGS proteins that resulted in inhibition—a theme echoed in
some later discovery efforts. These peptide inhibitors were crit-
ical to framing RGS proteins as viable targets, as it established
that RGS proteins could be inhibited. Furthermore, such inhi-
bition would impact downstream cellular processes regulated
by RGS proteins, such as muscarinic receptor signaling that
mediates GIRK currents (95).

In terms of nonpeptide-based inhibitors, early success was
first in yeast and then in mammalian cells (3, 4, 8, 98, 99). Using
a chemical genetics approach, compounds BMS-192364 and
BMS-195270 were discovered to affect the RGS/G� complex,
rather than the individual RGS or G� protein components.
These compounds act to terminate signaling through a mech-
anism that remains undetermined (100, 101).

The next efforts in small-molecule screening for RGS inhib-
itors focused on biochemical assay methods, using purified
RGS and G� subunits. These screens focused on RGS4 and
other R4 family members. The fairly simple structure of RGS4
family members made them more approachable from a techni-
cal standpoint in terms of expression, purification, and charac-
terization. In one of the first reported screens, a high-through-
put flow cytometry protein interaction assay (FCPIA) led to the
discovery of CCG-4986, the first small-molecule RGS inhibitor
reported that directly bound to an RGS protein (102). Further
screening using FCPIA and a newly-developed time-resolved
fluorescence energy transfer assay led to the discovery of addi-
tional inhibitors, the most promising of which were named
CCG-63802, CCG-63808, CCG-50014, and CCG-55919 (103–
106). CCG-50014 was the first nanomolar potency RGS inhib-
itor and served as the template for significant medicinal chem-

Table 1
Summary of published RGS-focused small molecule high-throughput screens to date
Numbers indicated after the screening library name are the approximate number of compounds screened.

Protein Libraries screened

RGS4 ● Microsource SPECTRUM (2320) (138)
● ChemDiv screening library (�40,000) (104)
● Chembridge screening collection (NA) (102)
● In-house library of random and diverse small molecules (�600,000) (155)
● Molecular Libraries Small Molecule Repository (MLSMR) (�300,000) (139)
● Maybridge HitFinder collection (8000) (103)
● NIH Molecular Libraries Small Molecule Repository (MLSMR) (218,538) (156)

RGS17 ● NCI NExT Diversity set (60,502) (108)
● MicroSource SPECTRUM (2320) (109)
● NCI Diversity Set II (1364) (110)

RGS8 ● MicroSource SPECTRUM (2320) (138)
● Maybridge HitFinder collection (8000) (103)
● NIH Molecular Libraries Small Molecule Repository (MLSMR) (218,538)

RGS6 ● Maybridge HitFinder collection (8000) (103)
RGS7 ● MicroSource SPECTRUM (2320)

● LOPAC 1280 compound library (1280) (157)
● Maybridge HitFinder collection (8000) (103)
● NIH Molecular Libraries Small Molecule Repository (MLSMR) (218,538) (156)

RGS16 ● Maybridge HitFinder collection (8000) (103)
● NIH Molecular Libraries Small Molecule Repository (MLSMR) (218,538) (156)

RGS20 ● In-house library of random and diverse compounds (�360,000) (155)
● In-house library (�700,000) (158)

RGS2 ● Microsource Spectrum 2000 and Biofocus National Institutes of Health Clinical Collection (�2900) (131)
RGS19 ● NIH Molecular Libraries Small Molecule Repository (MLSMR) (218,538) (156)
RGS12 ● LOPAC 1280 compound library (1280)
(GoLoco motif) ● Biogen Idec (33,600)

● NCI Diversity Library (�1900) (132)
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istry efforts for optimization of selectivity and potency of its
thiadiazolidinone structure (104, 106, 107). One of the com-
pounds developed from these efforts, CCG-203769, has been
advanced in both cellular and in vivo studies (107). This com-
pound inhibits RGS4 with an IC50 of 17 nM and was found to be
selective for RGS4 over four other RGS proteins as well as GSK-
3�, a common target for compounds with this particular chem-
ical scaffold (107). In addition, administration of this com-
pound in mice treated with the dopamine antagonist raclopride
rapidly alleviated the slow movements that model some aspects
of Parkinson’s disease (107).

Our group has focused on RGS17 as a target for high-
throughput screening. The role of RGS17 in cancer was previ-
ously discussed and provided rationale for efforts in identifying
an inhibitor. To date, �65,000 compounds have been screened,
leading to the identification of a number of cellularly-active
natural product compounds that inhibit the RGS17–G�
protein–protein interaction. Studies in cancer cell models
revealed a subset of these compounds exhibit cytostatic or cyto-
toxic activity in PC3 cells (108 –110). However, determining the
precise role of RGS17 inhibition in mediating the activity of
these compounds is challenging, as natural products frequently
interact with multiple cellular targets. Initial hit identification
led to further investigation of structure–activity relationships
around the chemical structures, leading to the discovery of
three related compounds that maintained RGS17 inhibition
(109) and were selective for RGS17 over RGS7, RGS10, and
RGS18 (108). Interestingly, in this study three of the five initial
hits identified were found to inhibit the RGS17-G�o interaction

through decomposition products. This finding and previous
work from Olson et al. (111) indicate the decomposition poten-
tial for compounds containing furan functionalities in chemical
library storage and usage conditions (108). This example high-
lights the often-repeated cautionary tale of chemical com-
pound library stability and the critical need for structural veri-
fication of initial hit compounds (109). On a positive note,
identifying these decomposition structures that have activity
can provide new, stable scaffolds for exploration as novel
inhibitors.

Compound selectivity

Since the first small-molecule RGS inhibitor publication in
2007, there have been a number of reported RGS inhibitors by
different groups. These inhibitors have varying degrees of selec-
tivity, which is usually, and logically, focused on the closest
family members, such as RGS4 versus RGS8 and RGS16. The
growing number of RGS inhibitor compounds in the literature,
as well as multiple reports of cysteine-dependent mechanisms,
led our group to question the broader selectivity of these com-
pounds. Cysteine-dependent inhibition usually indicates either
the presence of a reactive group on the inhibitor that irrevers-
ibly binds the compound to the RGS protein as an adduct or a
noncovalent interaction strongly dependent on the presence of
a given cysteine residue. The purpose of this study was 2-fold.
First, we hoped to identify structural features of compounds
that may be beneficial for future RGS inhibitor design. Second,
there is growing use of RGS inhibitors in both cellular and ani-
mal studies, and it is critical that experimentalists know the

Table 2
Example chemical structures of RGS inhibitors
YJ34 (96), CCG-4986 (102) CCG-50014 (104), CCG-63802 (105), CCG-203769 (108), BMS-192364 (101), II-3 (113), Sanguinarine (110), and Digoxin (19).
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selectivity, or lack thereof, of a given RGS inhibitor. A third,
unexpected benefit of this study was the revelation that a num-
ber of RGS inhibitors in the literature had greater activity
against yet untested RGS proteins.

The report by Hayes et al. (112) used both biochemical and
cellular protein–protein interaction assays to perform selectiv-
ity analysis with a number of previously identified RGS small-
molecule inhibitors against a wide range of RGS proteins. This
examination revealed the significant activity of some com-
pounds for RGS proteins that were not used during the com-
pound’s initial discovery. For example, CCG-50014 was identi-
fied as the most potent RGS4 inhibitor (106), inhibiting RGS4
with an IC50 of 30 nM; but, surprisingly, it was found to inhibit
RGS14 with an IC50 of 8 nM (112). Furthermore, we found that
of the 13 inhibitors, at least one new RGS was found to be
inhibited by the small molecules tested (112). This led to iden-
tification of additional functions for previously published
small-molecule inhibitors, providing new information on novel
RGS–inhibitor pairs. For example, we identified existing com-
pounds as being potent inhibitors for RGS1, RGS10, RGS14,
and RGS18, which have not been the subject of significant
screening efforts. For these newly-revealed RGS–inhibitor
pairs, each of the RGS proteins has been implicated in disease
states, providing the rationale for continued development of
these compounds (113, 114). This study also highlights the
polypharmacology that some RGS inhibitors may exhibit and
provides a testbed for selectivity measurements for optimiza-
tion of compounds through medicinal chemistry efforts.

The polypharmacology observed for many of these com-
pounds is perhaps not surprising. The difficulty with develop-
ing selective small-molecule inhibitors of RGS proteins is
attributed in large part to their RH domain. Not only is this RH
domain shared (but not identical) by the entire RGS family, it is
also found in a number of other protein families: for example
the GRK family (114, 115). Targeting the RH domain is there-
fore likely to result in the discovery of molecules that may not
be completely selective. Although this is a caution, it is impor-
tant to recognize that these reported molecules largely repre-
sent first hit compounds from high-throughput screens, which
is merely the first step toward any type of therapeutic. The next
developmental steps of addressing potency and selectivity in
the realm of RGS inhibitors via medicinal chemistry efforts is
emerging in the literature, as shown by the work on the thiadia-
zolidinone class of RGS4 inhibitors (107, 116).

Although much effort has focused on the RH domain, there is
potential for identifying potent and selective small-molecule
inhibitors of RGS through other non-RH domains (Fig. 2).
Examples of domains that may offer selectivity for small mole-
cules are the G�-like domain, �-catenin–interacting region,
phosphotyrosine-binding domain, or the Ras-binding domain
to name a few (117). For example, a recent study found that
RGS20 suppression enhances the action of opioid analgesics
through mechanisms that involve the Wnt/�-catenin pathway
(28). Efforts to target the Wnt/�-catenin pathway led to a selec-
tive inhibitor that was found to bind to the RGS domain of axin
(118). In a unique mechanism, the suppression of RGS20 func-
tion serves to stabilize the axin/G�z complex and promotes
�-catenin activation.

Another way to achieve selectivity for small molecules is to
elucidate RGS structural information at the atomic level. For
example, a recent report by Seing et al. presented a 1.5 Å crystal
structure of RGS17, the highest-resolution crystal structure for
an RZ family member to date, that revealed novel Ca2�-binding
sites (119). Expanding upon this initial discovery, Seing et al.
went on to discover that Ca2� binding positively regulates
RGS17 GAP activity. This illustrates how detailed knowledge of
protein structure can reveal novel functions or binding sites.
For example, obtaining the crystal structure of an RGS protein
with a small-molecule inhibitor bound could provide the basis
for further rational optimization of the inhibitor’s structure,
focused on affinity and selectivity.

Targeting beyond the RH domain—Exploring
noncanonical targets

Most efforts in developing small-molecule therapeutics for
RGS proteins have been centered around inhibiting the estab-
lished interaction between RGS proteins and their cognate G�
proteins. However, many RGS proteins have important func-
tions beyond their action as GAPs. There is a growing number
of noncanonical RGS interactions described in literature such
as regulating adenylyl cyclases (120), inhibiting phosphatidyli-
nositol 3-kinase activation (121), association with Ca2�/cal-
modulin and CaM-dependent protein kinase (122), and many
others. Thus, there are many opportunities for pharmacologi-
cal intervention beyond the canonical roles of RGS proteins.

RGS2 warrants attention as it has been identified as having
novel roles beyond regulating GPCR signaling and has been the
subject of screening campaigns. RGS2 has been found to be
up-regulated during cellular stress, and it is implicated in mod-
ulating cellular stress responses via translational control (123,
124). RGS2 can decrease global protein synthesis by binding the
eukaryotic initiation factor 2B� (eIF2B�) and subsequently dis-
rupting the eIF2– eIFB2 GTPase cycle, an integral step for
mRNA translation (125). Additionally, RGS2 has been shown to
enhance translation of ATF4 and CHOP, which are well-char-
acterized stress-response transcription factors (126).

Consequently, RGS2 expression and function have been
studied in a number of pathological contexts (127–130).
Depending on the pathology, RGS2 has been shown to either
mitigate or exacerbate different disease states. In Huntington’s
and Alzheimer’s disease, it was observed that miRNA-22, an
miRNA that targets RGS2, is decreased. When overexpressed,
miRNA-22 was found to be neuroprotective by inhibiting apo-
ptosis of neuronal cells (130). Another study examined stress-
induced pancreatic �-cell death and found RGS2 knockout
mice have greater sensitivity, whereas RGS2 overexpression
granted protective effects (129). RGS2’s role in modulating cel-
lular stress response warrants further research into its thera-
peutic value for drug discovery. Furthermore, unique interac-
tions of RGS2, such as binding eIF2B�, as mentioned above,
provide avenues for intervention with a small molecule.

Success in alternative approaches to influencing RGS func-
tion has been realized by Sjogren et al. (131). In one study, this
group used a cell-based, high-throughput screen to identify
several cardiotonic steroids that increased RGS2 protein levels
by slowing protein degradation (131).
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Another report by Kimple et al. (132) focused on the GoLoco
motif of RGS12. In this case, the screen resulted in identifica-
tion of a novel inhibitor for the GoLoco motif found in R12
family members.

The growing number of noncanonical RGS interactions being
discovered is perhaps unsurprising. Future studies focused on
mechanisms of noncanonical RGS interactions as well as mecha-
nisms that control RGS protein expression, post-translational
modification, degradation, and activity will continue to be valuable
for identifying additional RGS drug targets.

Targeting RGS expression

To date, no compounds are known that directly increase RGS
GAP activity; however, there are other avenues to increase RGS
protein activity, albeit indirectly. As mentioned, the cardiotonic
steroids ouabain and digoxin cause enhanced RGS2 expression,
leading to increased cellular activity (19, 133). Evidence to sup-
port such an approach with additional RGS proteins is plentiful,
and multiple studies suggest regulating RGS expression as an
approach to modulating signaling pathways (18, 134). For
example, in an experimental Parkinson’s disease model, RGS9-2
was found to be protective against L-3,4-dihydroxyphenylalanine
(L-Dopa)-induced dyskinesia (134). Therefore, enhancing RGS9-2
expression may represent a unique therapeutic approach (135).

Other methods for enhancing RGS expression have focused
on targeting degradation pathways. For example, RGS4 expres-
sion in the brain increased significantly when para-chloroam-
phetamine was administered to inhibit the N-end rule pathway
(53), a pathway that targets several R4 RGS proteins (136). A
method to overcome another degradation pathway yielded
indolactam V, a natural product and known protein kinase C
activator that was found to specifically stabilize RGS2 over
RGS4 (133). Interestingly, down-regulation of RGS2 is a com-
mon theme in a number of cardiovascular disease states, and
enhancement of expression through a stabilizing mechanism
could be beneficial (137).

RGS inhibitor mechanism of action studies

Once the first small-molecule RGS inhibitors were identified,
the next questions raised focused on the mechanism of action
and binding site. Initial preconceptions led to the belief that
small-molecule inhibitors would likely bind to the RGS protein
at the site where it normally interacted with the G� subunit, as
disrupting this interaction was the readout from the high-
throughput screen. Interestingly, analysis of some of the first
RGS inhibitors showed they bound to sites on RGS4 distal to
the RGS–G� interaction face, and all displayed some degree of
cysteine dependence (103, 104, 106). This theme was repeated
in recent work using a malachite green– based GTPase assay to
measure the GAP activity of RGS proteins, which led to the
identification of small-molecule inhibitors UI-5 and UI-1590
that were less potent when tested with cysteine-null RGS
mutants, indicating the common cysteine-dependent mecha-
nism (138). Another study identified a number of small mole-
cules (6018993, 1777233, 1911669, 6386479, 5428579, and
1472216) that inhibited the RGS4 –G�q interaction using a cell-
based calcium-signaling assay (139). These inhibitors were all
found to lack activity against cysteine-null RGS mutants further

indicating a cysteine dependence for small-molecule inhibition
of RGS proteins.

Interestingly, the first small-molecule inhibitor to be identi-
fied, CCG-4986, was eventually revealed to be a compound that
worked via a cysteine modification mechanism but retained
selectivity for RGS4 (140, 141). This observation led to studies
focused on the selectivity of the cysteine modification, as the
RGS4 construct used in the screen had seven (7) cysteine resi-
dues. Although some of the observed inhibition of RGS4 by
CCG-4986 could be attributed to its modification of Cys-132
(Fig. 3), which was predicted as this residue lies within the
RGS–G� interaction, a greater degree of inhibition was medi-
ated by modification of a cysteine residue distal to the protein
interaction interface, Cys-148 (140). This finding has proven to
be important to the fundamental nature of RGS proteins, as
subsequent studies have shown that this allosteric region likely
serves as not only a binding site for small-molecule inhibitors
but also as a critical region that directs protein dynamics and
overall protein stability. Interestingly, this region of R4 family
RGS proteins was also found to be important early in the dis-
covery of RGS proteins, as it is a site for recognition of modu-
lators such as phosphatidylinositol 3,4,5-triphosphate, calmod-
ulin, and even lipid peroxidation products generated during
cellular oxidative stress (142, 143).

The determination of the mechanism of action of the first
small-molecule inhibitor for RGS4, CCG-4986, revealed two
aspects of RGS protein inhibition that influenced many future
studies. First, it led to the observation that RGS proteins, and R4
family members in particular, possessed critical cysteine resi-
dues that would result in RGS inhibition when chemically mod-
ified. Second, it reinforced the notion that directly inhibiting
RGS interaction with G� at the protein–protein interaction
would be challenging.

Although the first RGS inhibitors, such as CCG-4986, were
discovered to be covalent modifiers of specific cysteines on R4
family members, the covalent modification was reversible by
using reducing agents (140). Subsequent high-throughput
screening efforts continued to routinely identify compounds
with a cysteine-dependent mechanism. Work by Blazer et al.
(104) identified a reversible RGS inhibitor, CCG-63802, as
mentioned previously, which showed greater activity at RGS4
as compared with RGS7, -8, -16, and -19, and it functioned in a
cysteine-dependent manner, with activity at Cys-95 appearing
to be the most critical (see Fig. 3). Thus, a number of RGS
inhibitors have been identified, with none having a primary
mechanism involving direct disruption of the RGS–G� protein–
protein interaction interface. Instead, these compounds modified
residues distal to that interaction and functioned through an allos-
teric mechanism.

With the allosteric nature of most RGS inhibitors revealed,
the next steps to improve current inhibitors would be to iden-
tify the structural determinants of molecular recognition and
inhibition and to use rational drug optimization techniques to
lead to better RGS inhibitors. It is evident that small-molecule
interactions at these allosteric sites can result in potent RGS
inhibition and may be far more tractable as targeting sites as
compared with the larger protein–protein interaction interface
with G�. In these approaches, structural information is very
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useful. Many groups have taken the approach of modeling
RGS–inhibitor interactions, as well as pursuing a co-crystal
structure of an RGS protein with an inhibitor bound. To date,
these efforts have been unsuccessful. More recent studies have
shown that the dynamics of the RGS proteins themselves, as
well as their interactions with inhibitors, may be the source of
several challenges.

Role of dynamics in RGS protein inhibition

Recently, the role of RGS dynamics has been revealed to
be critical to their inhibition. Early studies with CCG-4986,
showed that this compound inhibited RGS4 but not RGS8 GAP
activity. As evidence of the cysteine-modifying mechanism was
revealed, critical cysteine residues mediating the inhibition
were mutated. It was hypothesized that this process would
allow RGS8 to be inhibited; however, this did not follow as
predicted (102, 140). These results gave rise to the idea that it
may not be simple amino acid differences in the binding site
that are critical for determining inhibitor selectivity, but rather
access to that binding site. A series of recent studies, using the
techniques of molecular dynamics and hydrogen– deuterium
exchange via MS on a subset of R4 family RGS proteins, have
shown significant differences in the dynamics of these proteins,
as well as their responses to different structural and mechanis-
tic classes of inhibitors (144 –146). The three RGS proteins
examined, RGS4, -8, and -19, provide a near-ideal system for
investigating these differences, as they are structurally quite
similar, being from the same family, and yet respond differently
to many RGS inhibitors. These studies reveal that some of the
most critical differences of inhibition among these proteins are
not simply the presence or absence of specific cysteine residues,
but the accessibility of cysteine residues that are necessary for
the activity of these compounds (147), as well as the overall
dynamics of specific �-helices or helical groups among the R4
family members. Specifically, experiments focused on inhibi-
tion by the thiadiazolidinone compound CCG-50014 (103, 106)
revealed that the dynamics of helices �4, �5, �6, and �7 (Fig. 3)
may effect potency of inhibitors in different ways, particularly
the potency of this class of compound for RGS19 (147). For
example, the access to critical cysteine residues, such as Cys-95
(Fig. 3) by the inhibitor varies among RGS4, -8, and -19 and
differences in the dynamic exposure of a “cryptic site,” may be a
critical determinant of inhibition. Also, as suggested by Shaw
and co-workers (147), the existence of distinct conformations
that different RGS proteins may visit more or less frequently
could be used to tune or drive inhibition.

Studies into the role of dynamics in RGS protein inhibition is
interesting in both a prospective and retrospective manner.
Recognizing the role of protein dynamics in inhibition is not
new, and advances are being made in targeting protein dynamic
states (148). Looking forward, the existence of a dynamic,
inhibitable state of an RGS protein presents challenges for
methods such a virtual screening. These methods traditionally
require a defined structure, either from a crystal structure or
other energy-minimized models, and certainly not one with
dramatic dynamics. However, one could conceivably utilize a
“cryptic site open” model for such screening efforts that may
reveal novel inhibitor chemotypes. In a retrospective sense, the

dynamic basis of inhibition, as well as the overall structural
impact that many covalent RGS inhibitors cause, may provide
some solace to the research groups that have attempted to
determine co-crystal structures of RGS proteins with bound
inhibitors—a feat that has yet to be accomplished.

Advancing RGS inhibitors in animal models—Genetic
and pharmacological approaches

Although no small-molecule RGS inhibitors have been
developed into a marketed drug, they have been useful as
probes to determine the role of RGS proteins in a number of
disease states. Probing RGS protein function in animal models
is an effective approach to gather information regarding RGS
roles in the pathology of disease states (27, 107, 149). RGS4 has
the greatest number of small-molecule inhibitors available
(102–104, 106, 107) and has been studied in a number of animal
models that have yielded promising results (18, 27, 47, 149).

One study examining the impact of RGS4 on nociceptive
responses in a formalin pain test found that RGS4 knockout
mice or mice dosed with the RGS4 inhibitor CCG-50014 exhib-
ited reduced late-phase nociceptive responses compared with
WT or control mice (149). This result demonstrates a role for
RGS4 in modulating analgesic effects. This same study went on
to assess the role RGS4 inhibitors play in modulating �-opioid
receptor responses, due to their critical role in pain regulation
(150). Here, it was found that opioid receptor agonist-induced
analgesia, using the �-opioid receptor agonist DAMGO, was
significantly enhanced by co-administration of the RGS4 inhib-
itor CCG-50014 (149). Use of the RGS4 inhibitor, in these par-
adigms, mimics the phenotype of the genetic knockout of
RGS4. In another study, use of the RGS4 small-molecule inhib-
itor CCG-63802 in a mouse model found that dopamine D2
receptor modulation of long-term depression was regulated in
part by RGS4 activity in postsynaptic neurons (27). Collectively,
these studies represent remarkable advances in RGS inhibitor
development. These reports provide direct evidence of the effi-
cacy of a small-molecule inhibitor in a model that recapitulates
the phenotype of the genetically manipulated animal. As the
rationale for many RGS targets approached through screening
efforts lies in phenotypes discovered through knockout studies,
these findings represent the realization of these hypotheses.
This provides motivation to continue to probe these difficult
targets for new molecular interventions with significant thera-
peutic potential.

Looking forward

Although many groups have made significant strides in
advancing RGS inhibitors, a great deal more needs to be accom-
plished. One of the areas that has been unsuccessful to date is
the solving of an X-ray crystal structure of an RGS protein with
a small molecule bound. Progress has been undoubtedly hin-
dered by the mechanism of action of many inhibitors identified
to date, which act through a covalent modification of the RGS
protein and largely leads to structural collapse, as revealed
through protein NMR.4 However, a number of compounds are
known to be noncovalent modifiers and may be more amenable

4 D. L. Roman laboratory, unpublished observations.
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to structural pursuits. The availability of such a structure would
allow for rational design of inhibitors through medicinal chem-
istry approaches.

Another aspect of discovery efforts that must be appreciated
is the relatively small subset of RGS proteins that have been
targeted through high-throughput screening. A search of the
literature reveals that only 10 (10) RGS proteins have been sys-
tematically approached for small-molecule inhibitor discovery.
Of these RGS proteins, RGS4 has been screened most exten-
sively, but many others that have been screened have been
exposed to a relatively small number of compounds (Table 1).
Interestingly, many of the RGS proteins screened to date have
been screened with the same chemical libraries. It is possible
that these libraries do not significantly represent the chemical
space that may be key for identifying RGS protein inhibitors.
Therefore, it may be prudent for future screening efforts to
focus on different libraries. One potential untapped resource is
the use of DNA-encoded libraries, which can provide numbers
of compounds unobtainable through traditional and combina-
torial chemistry routes and have been recently reviewed (151,
152).

Another avenue for exploration is the use of screening frag-
ment libraries using protein NMR. As the RH domain of the
RGS protein family is quite small (�120 amino acids), it is very
amenable to high-field NMR and thus suitable for the screening
of small chemical fragments (generally under 300 Da) to iden-
tify low-affinity chemical substructures that can be built upon
to enhance affinity for RGS protein targets. This method has
been published (153), and we have implemented it in screening
for RGS17-binding fragments, which has led to the identifica-
tion of novel small fragments that interact with RGS17 (154).
Expansion of this technique to other RGS proteins may provide
a unique avenue to develop novel RGS inhibitors.

Conclusions

This review highlights the roles of RGS proteins that make
them promising therapeutic targets. Although we have learned
much from the screening efforts focused on several RGS pro-
teins, overall efforts in targeting RGS proteins is woefully
incomplete. Less than half of all known RGS proteins have been
subject to screening or discovery efforts. Many of these have
been efforts with small numbers of compounds. In addition,
many of the screens use common diversity libraries that are
nearly identical or represent similar regions of chemical space.
Despite our growing knowledge of the multitude of different
RGS functions, only a subset of RGS proteins has been the sub-
ject of concerted screening efforts to discover small-molecule
inhibitors or modulators, and even fewer screens have focused
on noncanonical functions or RGS expression enhancement.
Clearly, the opportunities for discovery are wide open, with
many RGS family members completely neglected, despite sig-
nificant knowledge about their role in various pathological pro-
cesses and the obvious utility that a small-molecule modulator
would provide.

The groundwork has been laid for screening many additional
RGS proteins, from expression and purification techniques,
structural studies, cell line development, and screening meth-
ods that could be readily implemented. Rational design efforts

can now be conducted from a more informed position, as we
have developed a better understanding of the mechanism and
role of dynamics in inhibition for some RGS proteins. Despite
these tools, challenges still exist in finding an initial chemical
structure that could provide the path toward a therapeutic.
Whereas the development of a drug is a lofty end goal, the
discovery of tool compounds that modulate RGS activity is also
critical to understand the role of a specific RGS in the context of
cellular processes, as well as animal behaviors and disease pro-
cesses regulated by RGS proteins. In the past 10 years, we have
progressed from the publication of the first small-molecule
inhibitor targeting an RGS protein to the administration of RGS
inhibitors in animal studies that provide evidence that these
inhibitors could work as intended. It is exciting to look forward
to what the next decade may bring in the area of targeting RGS
proteins.
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114. Sjögren, B. (2017) The evolution of regulators of G protein signalling
proteins as drug targets–20 years in the making: IUPHAR review 21. Br. J.
Pharmacol. 174, 427– 437 CrossRef Medline

115. Day, P. W., Wedegaertner, P. B., and Benovic, J. L. (2004) Analysis of
G-protein-coupled receptor kinase RGS homology domains. Methods
Enzymol. 390, 295–310 CrossRef Medline

116. Turner, E. M., Blazer, L. L., Neubig, R. R., and Husbands, S. M. (2012)
Small-molecule inhibitors of regulator of G protein signalling (RGS) pro-
teins. ACS Med. Chem. Lett. 3, 146 –150 CrossRef Medline

117. Kimple, A. J., Bosch, D. E., Giguère, P. M., and Siderovski, D. P. (2011)
Regulators of G-protein signaling and their G� substrates: promises and
challenges in their use as drug discovery targets. Pharmacol. Rev. 63,
728 –749 CrossRef Medline

118. Cha, P. H., Cho, Y. H., Lee, S. K., Lee, J., Jeong, W. J., Moon, B. S., Yun,
J. H., Yang, J. S., Choi, S., Yoon, J., Kim, H. Y., Kim, M. Y., Kaduwal, S., Lee,
W., Min do, et al. (2016) Small-molecule binding of the axin RGS domain
promotes �-catenin and Ras degradation. Nat. Chem. Biol. 12, 593– 600
CrossRef Medline

119. Sieng, M., Hayes, M. P., O’Brien, J. B., Andrew Fowler, C., Houtman, J. C.,
Roman, D. L., and Lyon, A. M. (2019) High-resolution structure of
RGS17 suggests a role for Ca2� in promoting the GTPase-activating
protein activity by RZ subfamily members. J. Biol. Chem. 294, 8148–8160
CrossRef Medline

120. Roy, A. A., Baragli, A., Bernstein, L. S., Hepler, J. R., Hébert, T. E., and
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