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Abstract

Regulators of G protein signalling (RGS) are a family of proteins classically known to accelerate
the intrinsic GTPase activity of G proteins, which results in accelerated inactivation of
heterotrimeric G proteins and inhibition of G protein coupled receptor signaling. RGS proteins
play major roles in essential cellular processes, and dysregulation of RGS protein expression is
implicated in multiple diseases, including cancer, cardiovascular and neurodegenerative diseases.
The expression of RGS proteins is highly dynamic and is regulated by epigenetic, transcriptional
and post-translational mechanisms. This review summarizes studies that report dysregulation of
RGS protein expression in disease states, and presents examples of drugs that regulate RGS
protein expression. Additionally, this review discusses, in detail, the transcriptional and post-
transcriptional mechanisms regulating RGS protein expression, and further assesses the
therapeutic potential of targeting these mechanisms. Understanding the molecular mechanisms
controlling the expression of RGS proteins is essential for the development of therapeutics that
indirectly modulate G protein signalling by regulating expression of RGS proteins.
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1. Introduction

Regulator of G protein signaling (RGS) proteins control signaling through heterotrimeric G
proteins by accelerating the intrinsic GTPase activity of Ga subunits, typically resulting in
an inhibition of downstream G protein signaling pathways [1, 2]. Due to the critical role of
G protein signaling pathways in diverse cellular functions, it is unsurprising that RGS
proteins are also essential in maintaining normal physiological processes and that
dysregulation of RGS proteins is implicated in many pathologies. Like the more extensively
studied G protein coupled receptors (GPCRs), which activate heterotrimeric G proteins,
RGS proteins have emerged as attractive therapeutic targets [3]. However, RGS protein
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activity is typically regulated by control of expression, stability and localization rather than
ligand binding, so RGS proteins are not as amenable to direct small molecule regulation as
GPCRs. Therefore, to exploit RGS protein regulation of G protein pathways as a therapeutic
target, a comprehensive understanding of the mechanisms that regulate the expression of
RGS proteins is critical. In this review, we discuss the molecular mechanisms governing the
expression and stability of RGS proteins, and evaluate the therapeutic potential of targeting
these mechanisms.

2. RGS proteins in Pathophysiology

The established role of G proteins and GPCRs in the central nervous system, cardiovascular
system, and in cancer biology naturally led to exploration of the physiologic role of RGS
proteins in these systems. In this section, we will briefly discuss evidence demonstrating the
roles and the regulation of RGS proteins in normal physiology and disease states in these
systems. Also, it should be mentioned that in addition to their roles in the central nervous
system, cancer and cardiovascular system, RGS proteins have important roles in multiple
other systems, such as the immune system [4].

2.1 RGS proteins in the Central Nervous System

RGS proteins participate in multiple processes in the central nervous system, including
synaptic plasticity [5], memory [6], and vision [7]. Therefore, predictably, dysregulation of
RGS protein expression is evident and implicated in several CNS disorders [8, 9]. For
example, RGS9 is a critical component of the phototransduction machinery of retinal
neurons, and loss of RGS9 results in a visual disorder in which patients cannot adapt to
changes in light [10, 11]; RGS7 and RGS9 critically regulate responses to dopamine [12]
and opiate receptors [13] and are implicated in the development of tolerance and addiction
[14]; and RGS14 has recently been identified as a critical control point for long term
potentiation and memory [6]. In many cases, multiple RGS proteins contribute to the same
CNS-related pathology, as is the case in Parkinson’s Disease (PD). RGS4 knockout animals
display reduced motor symptoms in PD animal models [15], and inhibition of RGS4
improves symptoms of PD [16][17] suggesting that RGS4 contributes to the pathology of
this disease. On the contrary, RGS2 [18], RGS6 [19], and RGS10 [20] protect dopaminergic
neurons and delay Parkinson’s progression. These opposing roles in PD do not simply
correlate with distinct G protein selectivity of GAP function or the activity of domains
outside of the RGS domain, since RGS4 and RGS10 are both small Gi/o selective GAPs.
This suggests that each RGS protein is finely tuned to a specific response, and subtle
differences in regulation are critical in determining the physiologic role of RGS proteins. In
addition to acting as classic GAPs, some RGS proteins modulate the pathogenesis of these
diseases by GAP-independent mechanisms. For example, RGS2 protects neurons by directly
binding and inhibiting LRRK2 in a mechanism that does not require RGS2 binding to G
proteins [18]. This indicates that targeting GAP-independent functions of RGS proteins can
be a beneficial approach in the treatment of some CNS diseases.

A common mechanism for regulation of G protein pathways is the modulation of RGS
expression by upstream receptor agonists, and this regulation can result in feedback
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inhibition or feedforward activation. The expression of many RGS encoding genes and
protein levels is highly sensitive to CNS-targeted drugs, with distinct mechanisms and time
courses. For example, examination of human tissues revealed that RGS4 protein level is
increased in the prefrontal cortex of long term opiate abusers with no change in short term
users, while RGS10 protein level is decreased in short term opioid abuse but shows no
change in long term users [21]. The increase in RGS4 expression is recapitulated in a rat
model following chronic exposure to morphine [21]. Both RGS4 and RGS10 proteins have
been shown to modulate UOR signaling, suggesting that HOR-induced regulation of RGS
protein levels may mediate, at least partially, some tolerance to opioid agonists. Similarly,
complex regulation of RGS expression occurs in psychosis and anti-psychotic treatment.
RGS4 transcript levels are decreased in the prefrontal cortex of individuals with
schizophrenia [22], and RGS4 immunoreactivity is higher in subjects treated anti-psychotics
[23]. The antipsychotic drug olanzapine, which primarily targets 5-HT2A serotonin
receptors, has been shown to increase RGS7 protein levels, and this effect is mediated by a
Jak/Stat dependent pathway [24]. Therefore, changes in RGS protein expression levels are
associated with both the pathology and therapeutic responses in several CNS diseases.

2.2 RGS Proteins in Cancer

In the past two decades, the role of GPCRs and heterotrimeric G proteins in cancer initiation
and progression has been established [25], which has led to great interest in the regulatory
role of RGS proteins in cancers [26]. Studies have provided an abundance of evidence
implicating RGS proteins in multiple cancers, where they may either promote or inhibit
cancer progression, depending on the type of cancer and RGS protein involved. For
example, RGS2 [27], RGS4 [28], RGS6 [29], and RGS16 [30] suppress various aspects of
breast cancer progression, whereas RGS20 promotes breast cancer carcinogenesis [31]. Even
the same RGS protein can have opposing effects on cancers derived from different tissue.
RGS17 is associated with inhibited cell growth and improved responses to chemotherapeutic
drugs in ovarian cancer cells [32-34], while RGS17 has been shown to promote lung and
prostate cancer growth [35]. Given the diversity of effects on different cancer types, it is
unsurprising that not all RGS proteins mediate their effects through a simple G protein GAP
activity. For example, while RGS4 actions in breast cancer are mediated by classic GAP
activity, RGS6 and RGS16 inhibit breast cancer via GAP-independent mechanisms [36].
The fact that RGS proteins employ different mechanisms has therapeutic implications. For
example, targeting the RGS-G protein interaction would selectively inhibit the GAP-
dependent effects of RGS4 in breast cancer cells, while strategies targeting expression would
impact both GAP-dependent and -independent functions of RGS4, RGS6 and RGS16.

Aberrant expression of RGS transcripts and proteins is also commonly observed in cancers.
In breast cancer cells, RGS2, RGS4, and RGS6-which suppress growth—are down-regulated
compared to normal cells [27-29], while RGS20-which promotes growth—is up-regulated in
cancer [31]. Thus, in both cases, the changes in RGS expression may contribute to
progression of disease. This is also observed in prostate cancer cells, where RGS2-which
suppresses prostate cancer cell growth—is reduced [33], while expression of RGS17—which
promotes prostate cancer cells growth—is elevated [37, 38]. Finally, RGS protein expression
is also modulated by chemotherapeutic drugs [32, 39, 40], suggesting that RGS regulation of
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cancer cell growth continues to be modified through disease progression and therapy.
Together, these observations demonstrate that RGS proteins are important regulators of
cancer cell growth and survival, and dysregulation of RGS protein expression in cancer cells
can modify disease progression.

2.3 RGS Proteins in Cardiovascular disease

Both GPCRs and G proteins are essential mediators of critical cardiovascular functions, and
GPCRs are primary targets for many cardiovascular drugs [41]. RGS proteins also regulate
multiple essential cardiac processes, and abnormal changes in their expression often results
in cardiovascular system dysfunctions. For instance, loss of RGS2 amplifies angiotensin 11
(Angll) type 1 (AT,) receptor signaling, which leads to hypertension [42], and cardiac
remodeling is regulated by RGS2 [43] and RGS14 [44]. RGS proteins also play important
functions in heart failure and drug-induced cardiac injury, among other conditions (reviewed
[45, 46]).

Changes in RGS expression levels have been reported in cardiovascular disease, suggesting
that abnormal expression of RGS proteins may contribute to pathogenesis. In particular, it
appears that RGS proteins and GPCRs participate in bi-directional regulatory mechanisms,
in which RGS proteins regulate GPCR activity and GPCR activation in turn alters the
expression of RGS proteins. For example, the AT1 receptor regulates the expression of
RGS2 [47], RGS10 [48] and RGS14 [44], which regulate AT1 receptor-induced effects.
Similarly, the p1 and B2 adrenoceptor agonist isoproterenol induces RGS5 expression [49],
and RGS2 and RGS16 expression is regulated by lysophospholipid Sphingosine 1-phosphate
(S1P) receptor activation in vascular smooth muscle cells [50].

Based on these diverse studies that have defined the role of RGS proteins in various
pathophysiologies and the dynamic regulation of RGS expression during disease progression
and treatment, several common observations can be made. First, it is evident that RGS
proteins are critically important regulators of physiology and disease in these systems.
Second, expression of RGS proteins is often dysregulated in disease states. Third, several
drugs used in treatment of these diseases also alter the expression of RGS genes or protein
levels. These observations suggest that changes in RGS expression may contribute directly
to disease initiation, disease progression, treatment efficacy, tolerance, and unwanted side
effects. Therefore, approaches targeted to manipulate the expression of RGS proteins can
potentially be utilized for treating diseases in different systems, and also enhance the
effectiveness or lower the toxicity of a number of drugs. To this end, understanding the
molecular mechanisms that regulate the expression of RGS proteins will lay the groundwork
for future development of effective and safe RGS-targeted therapies.

3. Mechanisms regulating RGS levels

RGS proteins are primarily regulated by mechanisms that control local concentration of the
protein at the site of signaling, either by regulating subcellular localization, protein stability,
transcriptional regulation or epigenetic regulation (Figure 1). These combined mechanisms

allow acute and chronic regulation of RGS levels in response to multiple signals. They also

provide multiple potential points of intervention.
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3.1 Epigenetic Regulation of RGS expression

Epigenetic modifications regulate gene expression by altering the structure of chromatin,
which consists of histone proteins tightly wrapped by DNA [51]. Both DNA and histones
can be epigenetically modified to influence the accessibility of transcription factors by
loosening or tightening the chromatin complex, to ultimately activate or repress gene
expression [51]. DNA (de)methylation and histone (de)acetylation are classic examples of
epigenetic modifications. DNA methylation at cytosine is mediated by DNA
methyltransferase enzymes (DNMTS) and results in gene repression [52]. Histones can be
acetylated by Histone acetyltransferase (HATS) to activate gene expression, or deacetylated
by histone deacetylases (HDACS) to repress gene expression [53]. DNA methylation and
histone deacetylation are critical epigenetic mechanisms that regulate RGS gene expression
in cancer, central nervous system, and cardiovascular systems (Figure 1).

Several studies provide evidence of epigenetic-mediated regulation of RGS genes in cancer.
An early example of epigenetic regulation of RGS expression was a report of an increase in
the methylation of the RGS16 promoter in breast cancer tumors, which correlated with a
reduction in RGS16 expression [54]. Similarly, epigenetic regulation of RGS2 expression by
DNA methylation has been reported in prostate cancer, where the suppression of RGS2 in
prostate tumors was accompanied by an increase in the methylation of its promoter [38].
Inhibition of DNA methylation restored the expression of RGS2 in prostate cancer,
providing additional evidence that expression of RGS?2 is reversibly regulated by
methylation of the promoter (Figure 2) [38]. Similarly, enhancement of methylation at the
RGS2 promoter by the multifunctional protein Ubiquitin-like with PHD and ring-finger
domain 1 (UHRF1) suppressed RGS2 expression and induced progression of bladder cancer
[55]. In ovarian cancer, there is an increase in the methylation of RGS10 promoters in
chemoresistant ovarian cancer cells, compared to their chemosensitive counterparts [32].
This hypermethylation, which was mediated by DNMT enzymes, correlated with suppressed
expression of RGS10 in chemoresistant cells [32, 56]. However, in ovarian cancer cells,
DNA methylation is not the only epigenetic mechanisms that have been shown to be
involved in regulating RGS10 expression. Histone deacetylation, induced by HDAC
enzymes, also mediates RGS10 suppression in chemoresistant cells [57]. Collectively, these
studies demonstrate that epigenetic mechanisms contribute to the regulation of RGS genes in
different cancers.

Several studies demonstrate that RGS genes can also be regulated by epigenetic mechanisms
in the central nervous system. DNA methylation influences RGS expression in human neural
progenitors [58]. During neuronal progenitor cell differentiation, low levels of DNMT
enzymes correspond with increased expression of RGS proteins, which suggests that DNA
methylation plays a role in regulating RGS protein expression in these cells [58]. Indeed,
inhibition of DNMT enhanced the expression of many RGS proteins in human neural
progenitors, including RGS2 and RGS10 [58]. In microglia, the resident macrophages of the
central nervous system, inflammatory stimulators induce suppression of RGS10, a protein
that has been shown to play a major anti-inflammatory function in these cells [20].
Activation of Toll-like receptors 4 (TLR4) stimulated association of HDAC enzymes with
RGS10 promoters, which resulted in deacetylation of RGS10 promoters [59]. The
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suppression of RGS10 by this HDAC-induced mechanism was blocked by the HDAC
inhibitor TSA [59]. TSA is also shown to induce anti-inflammatory effects in microglia [60];
therefore, it will be of interest to test whether the anti-inflammatory effect of TSA is due to
its ability to restore RGS10 expression in microglia. DNMT inhibition had no effect on
TLR4-induced suppression of RGS10 in microglia, suggesting that DNA methylation does
not play a major role in regulating RGS10 expression in microglia [59]. The fact that DNA
methylation suppressed RGS10 expression in ovarian cancer cells and neuronal progenitors
but not in microglia suggests cell-type specific effects of epigenetic mechanisms in
regulating RGS gene expression. Also, since HDAC enzymes are strongly implicated in
mediated silencing of RGS10 during inflammation, it will be interesting to test whether HAT
enzymes, which acetylate histones, would counteract HDAC and block suppression of
RGS10.

Similar to the mechanisms described above, DNA methylation has also been implicated in
regulating RGS5 expression in carotid arteries by enhanced methylation on CpG
dinucleotides at its promoter [61], suggesting that epigenetic mechanisms contribute to the
regulation of RGS genes in the cardiovascular system as well. Collectively, these studies
provide evidence that RGS genes can be regulated in cancer, the central nervous system and
the cardiovascular system by epigenetic mechanisms (Figure 1).

3.2 Transcription Factors regulating RGS expression

Detailed studies of RGS gene promoters have revealed binding sites for several transcription
factors, indicating that multiple transcription factors regulate RGS transcription directly
(Table 1). Isolation and characterization of the mouse RGS2 promoter revealed a highly
conserved cAMP response element (CRE) site [62]. Mutation of the CRE site suppressed
activation of the RGS2 promoter, suggesting that the CRE site is functionally required for
efficient RGS2 transcription [62]. CRE sites were also found at the promoters of RGS4 [63]
and RGS5 [64], indicating that this site is commonly participating in the transcription of
multiple RGS genes. Interestingly, although CRE sites are present at the promoters of
different RGS genes, they affect RGS transcription differently depending on the
transcription factor occupying the CRE site. Binding of the transcription factor CRE-binding
protein (CREB) to the CRE site in the RGS2 promoter activates RGS2 gene transcription
(Figure 2), while binding of the related factor CRE-modulator (CREM) at the same site
supresses RGS5 transcription, which suggests that CREB and CREM may compete and
counteract each other at the CRE sites of RGS gene promoters to dynamically regulate
expression.

In addition to the CRE site, promoters of RGS genes also harbour NF-xB [65], AP-1 [66]
and P-53 binding sites [67], and these sites regulate transcription of RGS genes (Table 1).
These sites can be present at the promoter of the same RGS gene allowing for several
transcription factors to co-regulate the transcription of one RGS gene. For example, multiple
transcription factors influence IL1B-induced upregulation of RGS4; NF-xB [68] and
GATA-6 [69] activate RGS4 transcription following IL1p treatment, whereas AP-1
suppresses RGS4 transcription in colonic muscle cells [66]. In addition to RGS4, other
examples of RGS genes that are regulated by different transcription factors include RGS2,
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which is activated by both CREB [62] and STAT3 transcription factors [70], and RGS16,
which is regulated by both NF-xB [71, 72] and P-53 [73]. The participation of multiple
transcription factors to regulate the same RGS gene allows for more complex regulation of
expression in response to different physiologic signals, and provides multiple options in
targeting these mechanisms to control the expression of RGS proteins. As the same RGS can
be regulated by different transcription factors, the same transcription factor can also regulate
different RGS genes. For example, NF-xB activates the transcription of both RGS16 [71]
and RGS4 [68] while STAT3 enhances the transcription of RGS2 [70] and RGS7 [24].

Strikingly, the transcription factor P-53 increases the transcription of RGS16 in human EB1
colon cancer cells [73] but acts as suppressor of RGS13 transcription in mast cells and B
lymphocytes [67], suggesting that the same transcription factor can regulate RGS gene
transcription differently depending on the RGS gene being regulated and the type of cells
involved. Transcriptional regulators typically function in multi-protein complexes to
cooperatively regulate gene expression. Given that the expression of each component of
these regulatory complexes may vary in different tissues and cell types, it is likely that there
is significant variation in the effect of a specific transcription factor on RGS expression in
different tissues. Further, many transcription factors regulate RGS gene transcription
downstream of very specific and defined signalling pathways that tend to be active in a
specific type of tissue. For example, the previous studies show that NF-xB, AP-1, and
GATA-6 transcription factors acts on RGS4 transcription downstream of IL1p-induced
signaling in colonic muscle cells, showing that this pathway in these cells is specifically
regulated by multiple transcription factors. Such cell-type and pathway-specificity requires
extensive investigation and characterization to fully exploit regulation of RGS expression,
but also provides opportunities for more selective therapeutic approaches to regulate RGS
gene expression with strategic pathway-specific approaches.

Evidence also suggests bi-directional regulation between RGS proteins and transcription
factors, as several RGS proteins directly interact with transcription factors and regulate their
function. For example, RGS2 directly binds STAT3 and inhibits STAT3-mediated
transcription [74]. Similarly, RGS13 inhibits CREB-mediated transcription by translocating
to the nucleus and forming a complex with CREB and CBP/P300 [75]. Since both STAT3
and CREB directly regulate RGS gene transcription, it is possible that some RGS proteins
participate in auto-regulatory transcriptional feedback mechanisms.

3.3 Regulation of RGS mRNA stability by microRNA and RNA binding proteins

MicroRNAs are a family of short endogenous non-coding RNA sequences between 18-23
nucleotides in length that play an important role in posttranscriptional regulation of gene
expression by targeting the 3" untranslated regions of mMRNAs, resulting in degradation of
MRNAs and subsequent silencing of the encoded proteins [76]. Due to their crucial
functions in many cellular processes, aberrant levels and/or mutations of microRNAs are
implicated in various diseases [76].

As the evidence of microRNA involvement in carcinogenesis accumulates, numerous studies
have identified the target genes of these microRNAs. Among the target genes, several RGS
transcripts have been identified. For example, RGS16 has been shown to be targeted by

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alginyah and Hooks

Page 8

miR-181a in chondrosarcoma, a cancer of bones and joints [77]. Genetically modifying
miR-181a expression correlated with RGS16 mRNA expression in chondrosarcoma cell
lines [77]. Moreover, RGS16 overexpression blocked miR-181a-induced production of
VEGF and MMP1, suggesting that miR-181a ability to promote angiogenesis and metastasis
is mediated, at least partially, by silencing RGS16 [77]. Activation of the G protein coupled
receptor CXCR4 promotes production of VEGF, and it was previously shown that RGS16
regulates CXCR4 activity [78, 79]. Therefore, a possible mechanism of miR-181a-induced
production of VEGF is via RGS16 silencing and subsequent enhancement of CXCR4
signaling. The participation of CXCR4 signaling in microRNA-induced RGS16 regulation is
also reported in apoptotic bodies, where miR-126 suppressed RGS16 expression and
amplified CXCR4 activity [80]. In addition to RGS16, miR-181a also targets RGS4 and
induces its suppression during osteoplastic differentiation [81]. Another example of miRNA-
induced regulation of RGS proteins is the Hsa-miR-182-induced suppression of RGS17 in
lung cancer cells [82]. RGS17 overexpression blocked Hsa-miR-182-induced inhibition of
lung cancer cell proliferation, suggesting that Hsa-miR-182 anti-proliferative actions are
mediated through silencing of RGS17 [82]. MiRNA profiling revealed that RGS17 is also a
target of miR-363 [83]. Taken together, these studies provide evidence that RGS proteins can
be regulated by miRNA in cancer (Figure 1), and that RGS silencing contributes to miRNAs
actions. Whether the result of miRNA-induced silencing of RGS proteins is to promote or
inhibit cancer progression depends on the cell type and the target RGS protein. Future
studies that aim to understand the molecular mechanisms and specificity of miRNAs in
cancer will potentially identify additional miRNA-regulated RGS proteins.

In addition to cancer, studies have also investigated whether RGS proteins are regulated by
miRNAs in the central nervous system. In /n vitro models of Huntington’s disease (HD),
miR-22 induces RGS2 silencing and results in a neuroprotective effect [84]. Interestingly,
miR-22 [85] and hsa-miR-4717-5p [86] target RGS2 (Figure 2) and are associated with
panic and anxiety related disorders. This suggests that RGS regulation by microRNA not
only occurs in the central nervous system, but also plays a role in the etiology of CNS-
related diseases. Attempts to therapeutically target microRNA-induced RGS protein
regulation in the CNS should be preceded by comprehensive studies to evaluate the overall
effects of this regulation in different brain regions that might result in unwanted CNS-related
side effects.

Following transcription, mMRNA stability is also controlled by specific RNA-binding proteins
[87]. For example, Ataxin-2 (ATXN2) binds and regulates steady-state levels of RGS8
mMRNA [88]. Furthermore, RGS4 mRNA is stabilized by binding to human antigen R (HUR),
which is required for IL1B-induced upregulation of RGS4 in colonic smooth muscle cells
[89]. IL1p also increases transcription of RGS4 via NF-xB, indicating that the same signal
may employ multiple mechanisms to regulate the same RGS protein [68]. In addition to
HuR, RGS4 mRNA is also regulated by the splicing factor transformer-2p (Tra2), which
possibly mediates morphine-induced up-regulation of RGS4 in the brain [90], and by the
RNA-binding protein staufen2 (Stau2) in neurons [91]. Taken together, these data
demonstrate that RGS4 mRNA is a common target of RNA-binding proteins, and that
MRNA stability of RGS proteins can be affected by both miRNAs and RNA-binding
proteins (Figure 1).
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To date, there are considerably fewer studies reporting regulation of RGS mRNA stability by
miRNA or RNA binding proteins compared to regulation by other mechanisms such as
protein degradation. However, due to growing evidence for key roles of RGS proteins,
miRNAs, and RNA binding proteins, identifying additional mRNA-targeted mechanisms to
control RGS expression in both cancer and the central nervous system is expected. Future
studies should also be expanded to the cardiovascular system, where both RGS proteins and
miRNAs play many crucial roles [46, 92], to determine the mechanisms by which many
important cardiovascular RGS proteins are regulated, and to determine whether some
miRNA effects in the cardiovascular systems are mediated by targeting RGS proteins.

3.4 Protein Stability

Degradation of proteins is an essential mechanism employed by cells to control the levels of
stable and functional proteins. This degradation commonly occurs via either lysosomal
proteolysis or the ubiquitin-proteasome pathway [93, 94]. Lysosomes engulf proteins and
utilize digestive enzymes to induce proteolysis [94]. The other pathway for protein
degradation is the ubiquitin-proteasome pathway, where the target protein is
polyubiquitinated [93]. The polyubiquitinated proteins are recognized by the proteasome
complex, which subsequently binds and eventually degrades the target protein [93]. This
process requires more energy compared to lysosomal degradation and is mediated by
multiple enzymes, including ubiquitin-activating enzymes (E1), ubiquitin-conjugating
enzymes (E2), and ubiquitin ligases (E3)[95].

Many studies have focused on RGS4 as a target for proteasomal degradation and the
mechanisms have been well defined. RGS4 is targeted by the N-end rule pathway, a pathway
that tags proteins for degradation based on the presence of certain residues at their N-termini
[96]. Inhibitors of this pathway prevent degradation and ubiquitination of RGS4 in the
reticulocyte lysate system [96]. In addition, the proteasome inhibitor MG132 blocked
degradation and enhanced the levels of polyubiquitinated RGS4, suggesting that RGS4 is
subject to ubiquitination and proteasome degradation in accordance to the N-end rule
pathway [96]. Studies also revealed that the arginylation of the cysteine 2 residue (Cys2) at
the N-terminus of RGS4 is the trigger for N-end rule pathway activation and subsequent
degradation [96]. To determine whether this pathway targets RGS4 in intact mammalian
cells, a subsequent study tested this mechanism in embryos and embryonic fibroblasts (EF)
isolated from wild type or ATE1-/- animals [97]. ATE1 encodes Arg-transferase, the
enzyme that mediates arginylation resulting in RGS4 proteasome degradation [97].
Proteasome inhibition or ATE1 depletion significantly increased levels of RGS4 in EF,
indicating that arginylation and proteasome degradation regulates RGS4 levels in this cell
model as well [97]. Additionally, knockout of ubiquitin ligases UBR1 and UBR2, which
recognize and bind N-terminal Arginine, stabilized RGS4 expression, suggesting that UBR1
and/or UBR2 mediates ATE1-triggered degradation of RGS4 [97].

Nitric Oxide also contributes to RGS4 degradation by aiding in oxidizing the N-terminal
cysteine residue required for arginylation [98]. RGS4 proteasomal degradation and the
crucial role of Cys2 in destabilizing RGS4 were also confirmed in HEK293 cells, in which
using the proteasome inhibitor MG132 or replacing Cys2 with serine resulted in the
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stabilization of RGS4 [99]. Interestingly, palmitoylation of Cys2 by acyltransferases
protected RGS4 against proteasomal degradation, establishing this residue as an important
determinant of RGS4 fate [100]. An alternative pathway that exclusively targets cytoplasmic
RGS4 for degradation and is mediated by the ubiquitin-like modifier activating enzyme
UBAG has also been described [101]. In addition to RGS4, other RGS proteins are targeted
by the N-end rule pathway, including RGS2, RGS5, and RGS16 [97-99].

In addition to N-terminal arginylation, the N-end rule pathway can also be initiated via N-
terminal acetylation [102]. In contrast to the RGS4 mechanism, RGS2 proteasomal
degradation was found to be stimulated by N-terminal acetylation [103]. Furthermore, unlike
RGS4, RGS2 proteasomal degradation does not require ATE-1 but instead depends on a
complex of proteins consisting of cullin 4B (CUL4B), F-box 44 (FBX044) and DNA
damage binding protein 1 (DDB1) (Figure 2) [104]. Therefore, proteasomal degradation of
RGS proteins can be mediated by different pathways, which provides opportunities to
selectively target the degradation of RGS proteins.

RGS protein degradation and stability is regulated by multiple post-translational
modifications and protein-protein interactions. Members of the R7 family of RGS proteins,
including RGS9 and RGS7, uniquely depend on the binding partner G5 for stabilization
[105]. Additionally, RGS9 Anchor Protein (R9AP) is another binding partner that is
essential for RGS9-1-Gp5 complex stability and membrane association in the retina [106].
Similarly, R7 family binding protein (R7BP) binds and stabilizes RGS9-2 in striatal neurons
(as well as other R7 family members) [107]. The association between R7BP and RGS9-2
prevents the binding of RGS9-2 and Hsc70 (Heat shock cognate protein 70), a protein that
mediates RGS9-2 degradation [108]. Interestingly, cysteine protease inhibitors that block
lysosomal degradation prevented RGS9-2 degradation, whereas proteasome inhibitors had
no effect on RGS9-2 proteolysis, indicating that RGS9-2, unlike many other RGS proteins,
is mainly regulated by lysosomal rather than proteasomal degradation [109]. Collectively,
these findings indicate that association with different binding partners is a common method
by which the stability of RGS7 family members is controlled.

Phosphorylation is a common post-translational modification that affects the activity,
localization, and stability of many proteins, including RGS proteins. In fact, some RGS
proteins are phosphorylated at multiple sites, leading to specific effects on the activity and
stability of RGS proteins. For example, RGS16 is constitutively phosphorylated at serine
194 and is dynamically phosphorylated at serine 53 site by a.2A-adrenoceptor activation.
Both phosphorylation events result in the suppression of RGS16 GAP activity. On the other
hand, phosphorylation at RGS16 Tyr 168 enhances both GAP activity [110] and stability
[111], indicating that RGS16 function and levels can be tightly regulated by phosphorylation
at multiple sites. Moreover, the same kinase can induce multiple regulatory effects on RGS
proteins. For example, protein-kinase A (PKA) was shown to trigger nuclear localization of
RGS13, which facilitates the inhibitory effect of RGS13 on CREB-induced transcription in
the nucleus [75]. Additionally, PKA-induced phosphorylation at Thr residue 41 inhibits the
proteasome degradation of RGS13, which indicates that PKA influences both the nuclear
function as well as the stability of RGS13 [112]. Interestingly, RGS10 nuclear localization
was also shown to be enhanced by PKA activation, indicating that PKA may affect other
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RGS proteins in a similar manner [113]. Finally, the cGMP-dependent protein kinase cGKla
regulates the stability, GAP activity, and localization of RGS2 [114]. In addition to
phosphorylation, RGS proteins have also been shown to undergo other post-translational
modifications such as palmitoylation, but the effects on activity and stability are not fully
defined [115].

In summary, protein degradation is a critical regulatory mechanism utilized by cells to
maintain physiological levels of RGS proteins (Figure 1), and degradation-mediated changes
in RGS protein levels are implicated in the pathogenesis of several diseases. Further, the
previous studies reveal that degradation of RGS proteins is the final result of a complex
processes orchestrated by a network of enzymes, binding partners, and post-translational
modifications offering multiple prospects for effective and selective therapeutic approaches
to control RGS proteins levels.

4. Therapeutic Potential of targeting RGS expression

4.1 Why RGS proteins?

GPCRs are the most common molecular targets of clinically approved drugs, and these
receptors can be modulated with extracellular agonists, antagonists, and biased agonists to
carefully control downstream G protein pathways [116]. Given the enormous clinical
success and versatility of therapeutics targeting GPCRYs, it is reasonable to ask what benefits
can be obtained by targeting RGS proteins that cannot be obtained by targeting GPCRs. A
few reasons can be proposed based on the mechanistic differences between GPCRs and RGS
proteins in regulating G protein signaling. First, it should be noted that the success of
targeting GPCRs is not without limitations. Activation of GPCRs can trigger, in addition to
G protein mediated pathways, other pathways mediated by B-arrestins that can induce
unintended adverse effects [117]. Manipulating RGS protein activity or expression could be
used as a strategy to differentially regulate G protein mediated versus G protein independent
pathways downstream of GPCRs. For example, morphine-induced activation of G proteins
downstream of opioid receptors produces analgesic effects, but morphine also activates the
B-arrestin pathway causing desensitization and tolerance [118, 119]. RGS proteins
selectively target G protein signaling downstream of opioid receptors, but not g-arrestin
mediated signaling [120]. Therefore, combining modest receptor agonist treatment with
inhibition of RGS proteins would amplify G protein mediated analgesic effects with no
added effect on the p-arrestin-mediated responses, which would theoretically allow for lower
doses of morphine without compromising effectiveness. In contrast, in other systems, -
arrestin mediated signaling is actually desired, whereas G proteins mediate undesirable
effects. For example, the AT1 receptor improves cardiac function via p-arrestin-mediated
signalling [121], but also causes hypertension through G protein activation [122]. Loss of
RGS2 causes an enhancement of AT1 receptor-induced G protein activation, resulting in
hypertension [42]. Therefore, in theory, the combination of AT1 receptor agonists and
induction of RGS2 expression should improve cardiac function while suppressing
hypertension.

Second, many RGS proteins display highly tissue-specific expression patterns, such as
RGS9-1 in the retina [10]. This suggests that RGS modifying approaches could be coupled
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with sub-threshold doses of drugs that target more widely expressed GPCRs to achieve
greater regional specificity of action and, again, reduce the required dose of the GPCR
targeted drug and associated side effects. Finally, it is now well established that many RGS
proteins are more than just GTPase-activating proteins (GAPS), which means that targeting
RGS proteins can affect pathways that go beyond G protein signaling, providing yet another
advantage over targeting GPCRs alone [123]. These advantages have fuelled efforts to
develop and identify small molecule inhibitors of RGS proteins [3, 124]. Aside from directly
targeting the activity of RGS proteins, an alternative approach is to target the expression and
stability of RGS proteins, which would regulate the GAP-dependent and GAP-independent
activities of RGS proteins. Unfortunately, the mechanisms that regulate RGS expression and
post-translational stability are generally non-specific, so an ongoing challenge is to establish
a therapeutic approach with sufficient specificity. Regardless of these challenges, multiple
therapeutics targeting epigenetic, transcriptional, and post-translational regulation have
entered the drug discovery pipeline, some with surprising success.

4.2 Targeting Epigenetic mechanisms

Due to the role of epigenetic-mediated mechanisms in disease progression, efforts are
underway in several disease models to therapeutically target epigenetic enzymes to restore
the expression of dysregulated genes [125]. In cancer, DNA methyl transferase enzymes
(DNMTs) mediate silencing of RGS2 and RGS10 in prostate cancer and ovarian cancer,
respectively. Restoring the expression of RGS2 or RGS10 can be beneficial, as the
suppression of RGS2 is implicated in the progression of prostate cancer [38], and RGS10
silencing contributes to the development of chemoresistance in ovarian cancer cells [32].
Inhibition of DNMT by 5-azacytidine successfully restored the expression of RGS2 in
prostate cancer and 5-azacytidine-induced inhibition of prostate cancer growth was mediated
partially be restoring the expression of RGS2 [38]. Likewise, both 5-azacytidine and the
HDAC inhibitor TSA restored the expression of RGS10 in chemoresistant ovarian cancer
cells [57]. These studies suggest that targeting epigenetic processes to restore the expression
of RGS proteins may be a future therapeutic approach to slow or stop cancer progression.

Selectivity remains a major concern, as an epigenetic drug can potentially regulate multiple
unintended genes that may produce side effects [125]. Despite these concerns, a number of
epigenetic drugs have been approved or reached clinical trials. The DNMT inhibitor
azacytidine for Myelodysplastic syndrome (MDS) [126] and additional drugs targeting DNA
methylation have been developed and entered clinical trials to treat cancer [127, 128].
HDAC inhibitors have also been intensely studied as a potential cancer therapy, and the
HDAC inhibitor suberanilohydroxamic acid (SAHA) was FDA approved for cutaneous T-
cell lymphoma [129]. Combination therapy of DNMT and HDAC inhibitors is also being
studied with encouraging results [130]. Even with this success in developing effective
epigenetic drugs, the side effects that they produce due to the dysregulation of unintended
genes remain a disadvantage that necessitates better approaches [131]. One approach is to
carefully delineate which specific genes mediate the epigenetic drug’s effects, and
combining other non-epigenetic drugs that target these genes, which allows reducing the
dose of the epigenetic drug without compromising the expression of the intended genes.
This concept can be applied to RGS proteins as well, and future studies that gauge the extent
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of RGS protein contribution to the overall effects of epigenetic drugs should aid in
developing more selective and safer epigenetic therapies.

4.3 Targeting Transcription Factors

Attempts to control the activity of transcription factors has included small molecules
targeted against upstream proteins such as kinases to indirectly influence the activity of
transcription factors [132], as well as directly preventing DNA binding of transcription
factors to target transcription factors therapeutically [133]. However, lack of specificity is a
major barrier, given that one transcription factor can influence multiple target genes. An
alternative approach is to target specific protein-protein interactions in transcriptional
regulatory complexes [134]. Targeting a transcriptional regulator’s ability to bind to a
specific complex rather than inhibiting a transcription factor activity altogether will
potentially enhance specificity and minimize side effects. Employing small molecules to
target protein-protein interactions in transcriptional complexes has shown promise in
influencing RGS gene expression. For example, preventing the interaction between CREB
and the co-factor P300 using the small molecule KG-501 suppressed CREB-induced RGS2
gene expression (Figure 2) [135]. Additionally, inhibiting CREB and the co-factor CBP
interaction resulted in a reduction in RGS4 expression in cortical neurons [136]. These
approaches provide proof of concept for targeting protein-protein interaction of transcription
factors to control RGS protein gene expression. In addition to CREB, protein-protein
interactions of other transcription factors such as NF-xB, STAT3, and P53 have been
targeted successfully by small molecules (reviewed in [137]); it remains to be determined,
however, whether the expression of RGS proteins regulated by STAT3 or P53 is affected by
these small molecules. Although promising, targeting protein-protein interactions is an
extremely complex approach and much work remains to validate targets and establish this as
a viable therapeutic strategy. Thus, more detailed structural studies and an overall better
understanding of transcription factor interactions at RGS promoters are required for the
development of effective and safe therapeutics to control the transcription of RGS genes.

4.4 Targeting mRNA stability

The development of microRNA-based therapy is hampered by a plethora of specificity
concerns as well as difficulties in ensuring the delivery of stable microRNAs to target tissues
and cells [138]. Yet, quite a few miRNA-targeted therapies are showing promise and some
have reached clinical trials [139]. This success continuously ignites the drive to develop
strategies to overcome challenging technical difficulties. The effectiveness of microRNA-
based therapies, compared to traditionally targeting an individual protein, is attributed to the
broad range of effects a single microRNA can have on several targets involved in the same
disease. This is clearly demonstrated in different cancers as the expression of microRNAs
influence many genes involved in regulating apoptosis and cell cycle, which effectively
induces cell death [140, 141]. Interestingly, microRNA-induced regulation of RGS proteins
is often accompanied by regulating other relevant genes commonly implicated in the same
disease. For example, in addition to RGS2, miR-22 down-regulates HDAC4 and Rcorl, and
all three genes are implicated in Huntington’s disease [84, 142—144]. Similarly, miR-181a
targets TGFBI (Tgf-beta induced), TBR-I/AIKS (TGF-B type | receptor) and Gata6 alongside
regulating RGS4, which together promote osteoblastic differentiation [81]. This suggests
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that utilizing microRNAS to target RGS proteins for treatment dictates a more in-depth
investigation of both the global effects of microRNAs as well as the role that the RGS
protein plays within the network of targets implicated in the disease.

Recently, an interesting study tested the effect of an antisense oligonucleotide (ASQO7)
targeted against the RNA binding protein ataxin 2 (ATXN2) in mouse models of
spinocerebellar ataxia type 2 (SCA2) [145]. ASO7 suppressed ATXN2 mRNA and increased
RGS8 mRNA and other genes implicated in SCA2, which significantly delayed the
development of SCA2 [145]. This study provides additional evidence that RGS8 mRNA is
targeted by the RNA-binding protein ATXN2, and further suggests that targeting this
mechanism can be therapeutically beneficial. Overall, targeting stability of RGS mRNAs is
indeed promising, but more studies to identify additional miRNAs and RNA-binding
proteins that regulate RGS mRNASs are needed to seriously advance mRNA-targeted
therapeutic approaches.

4.5 Targeting Protein Stability

The N-end rule protein degradation pathway has been established as a key regulatory
process of RGS4 expression, follow up studies have aimed to determine the effect of
inhibiting RGS4 proteasomal degradation on cellular processes and/or disease progression.
RGS4 suppresses breast cancer cell migration and invasion /n-vitro, as well as tumor
invasiveness /n vivo [28]. More importantly, RGS4 protein levels are suppressed in breast
cancer cells and tissues compared to normal cells [28]. Interestingly, the proteasome
inhibitor MG132 inhibited breast cancer cell invasion and migration, but this inhibition was
blocked by RGS4 knockdown, indicating that MG132 inhibition of breast cancer cell
migration and invasion is due to its ability to block RGS4 degradation [28]. A similar study
also tested the effect of pristimerin, a natural compound that has been reported to inhibit
proteasome function, on breast cancer cell migration and invasion [146]. Pristimerin
inhibited breast cancer migration and invasion, and this inhibition was also lost by RGS4
knockdown [146]. Similarly, blocking RGS4 proteasomal degradation also affects
progression of renal dysfunction. RGS4 —/- animals display impaired renal functions and
are more prone to renal injuries [147]. Treating the animals experiencing renal injury with
the proteasomal inhibitor MG132 significantly improved renal functions in WT, and not in
RGS4 KO animals, again suggesting that inhibiting proteasomal degradation of RGS4 can
influence disease pathogenesis [147].

These studies provide encouraging results indicating that manipulating protein stability to
restore dysregulated expression of RGS proteins can be considered as a viable therapeutic
approach. However, proteasomal degradation is a common regulatory mechanism for
numerous proteins and it was unsurprising that the first FDA approved proteasome inhibitor
caused dose-limiting side effects [148]. Proteasomal degradation of proteins is the final
result of multiple events mediated by different proteins, each of which can be targeted for
more selective approaches [149]. In the case of RGS4, for example, instead of inhibiting
global proteasome degradation to restore RGS4 expression, an alternative approach is to
inhibit the N-end rule pathway that directly triggers the degradation of RGS4. Indeed, the N-
end rule pathway inhibitor RF-C11 significantly stabilized RGS4 in mammalian cells with
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no significant cytotoxicity [150]. The substituted amphetamine compound para-
chloroamphetamine has been shown to cross the blood brain barrier, where it inhibits
arginylation and the N-end rule pathway, thus stabilizing RGS4 expression in the central
nervous system [151]. Added selectivity can be achieved by identifying specific proteins that
mediate degradation of only a specific subset of proteins that undergo N-end rule mediated
degradation. An example is arginyltransferase (ATE-1), which mediates the degradation of
RGS4 [97] but not RGS2 [104]. Tannic acid and merbromin, small molecule inhibitors of
ATE-1, stabilized RGS4 expression in cells, suggesting that selective inhibition of RGS
protein proteasome degradation is possible [152]. Taken together, the previous studies
suggest that stabilizing RGS protein expression /n vitro and /n vivo by targeting the N-end
rule pathway is not only achievable, but also moderately safer and more selective compared
to inhibiting global proteasome degradation. Future studies aiming to identify additional
proteins that differentially regulate the RGS protein degradation, such as ATE-1, will
potentially provide more targets for selective drugs.

Several drugs regulate RGS protein expression by influencing proteasome degradation,
which can possibly mediate the drugs’ intended or unintended effects. For example, opioid
receptor agonists and subsequent Gaq; activation down-regulate RGS4 [153] and RGS20
[154] by activating the proteasome degradation process. Additionally, proteasome
degradation of RGS proteins can be affected by several other stimulants, including
inflammatory molecules [155] and cardiotonic steroids [156]. As discussed earlier,
phosphorylation by some kinases, such as Src [111] and PKA [112], also regulate
proteasome degradation of RGS proteins. Therefore, inhibitors of these kinases can
potentially be utilized to influence proteasome degradation of RGS proteins. Identifying
drugs that control RGS protein expression by influencing their proteasome degradation will
possibly provide more therapeutic options in conditions where controlling RGS protein
expression is needed. Alternatively, recognizing that certain drugs influence RGS protein
degradation might explain some of the drugs’ side effects and aid in developing approaches
to mitigate these unwanted effects.

5. Summary and Conclusions

Targeting RGS proteins shows promise /in vitro and in vivo, and RGS-targeted approaches
can be used in combination with GPCR-targeted drugs or other drugs to minimize side
effects or enhance effectiveness. However, the development of agents targeting RGS protein
activity is understandably slow due to the difficulty of targeting RGS interactions with G
proteins. Because the expression of RGS proteins is often dysregulated in diseases, an
alternative approach is to manipulate the expression of RGS proteins, which allows for
tuning their expression to the desired levels. Several epigenetic, transcriptional, and post-
translational mechanisms control the ultimate level of cellular RGS proteins, offering
multiple opportunities for targeting (Figure 1). Indeed, many studies that tested the effect of
targeting these mechanisms on RGS levels and disease progression reported promising
results on both activity and safety. However, each of these mechanisms is inherently non-
selective, and targeting any single regulatory mechanism is unlikely to provide sufficient
selectivity to be therapeutically viable. Rather, strategies to regulate RGS expression and
protein levels may be most effective when combined with complementary receptor-targeted
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approaches, or when multiple mechanisms targeting expression of a single RGS are
simultaneously targeted for synergistic regulation. For example, the ultimate level of RGS2
protein in a cell reflects regulation by epigenetic enzymes, transcription factors, miRNAs,
and proteasomal degradation (Figure 2). This suggests that targeting a combination of these
mechanisms would enhance the effectiveness of regulating RGS2 levels, and simultaneously
allow for lower doses, which will potentially reduce toxicity. Thus, it is essential to
understand the network of regulatory mechanisms that ultimately control the expression of
RGS proteins in disease states in order to design the appropriate interventions.
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Highlights
RGS proteins critically regulate cell physiology and pathophysiology.

RGS protein expression and stability are dysregulated in multiple diseases.

Regulation occurs by epigenetic, transcriptional, and post-translational
mechanisms.

Modulation of RGS expression represents a novel therapeutic strategy.
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Figure 1. RGS gene expression and protein stability are regulated by multiple mechanisms
Multiple regulatory mechanisms participate in determining the level of RGS proteins.

Epigenetic modifications, mainly histone deacetylation and DNA methylation that are
mediated by histone deacetylases (HDACs) or DNA methyltransferases (DNMTS), tighten
the chromatin structure at RGS genes promoters, thereby obstructing the access of
transcription factors and other proteins that are essential for transcription initiation,
ultimately resulting in suppression of RGS gene expression. Multiple transcription factors
directly bind RGS genes promoters to activate or repress transcription, adding another layer
of regulation to the expression of RGS genes. In addition to transcription regulation, RGS
MRNAs are targeted by both microRNAs and mRNA-binding proteins to either degrade or
stabilize the respective mRNA, which critically determines the final levels of translated RGS
proteins. Finally, active RGS proteins participate in various G protein dependant and
independent signalling pathways in different cellular compartments. The activity and
stability of RGS proteins is influenced by post-translational modifications such as
phosphorylation, association with specific binding partners, and cellular localization of RGS
proteins. Many RGS proteins undergo proteasomal degradation while some are degraded via
lysosomal degradation. Regardless, this degradation is a critical step of regulation that
ultimately governs the level of active cellular RGS proteins at a given time.
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Figure 2. RGS2 protein levels are determined by multiple regulatory mechanisms, several of

which can be manipulated by small molecules

RGS?2 transcription is suppressed by the DNA methyltransferase 1 (DNMT1) enzyme and
activated by the transcription factor CREB. Accordingly, the DNMT1 inhibitor 5-AZA
enhances RGS2 transcription, whereas inhibiting CREB-mediated transcription using the
small molecule KG-501 results in suppressed transcription. In addition to transcriptional
regulation, RGS2 is also regulated at the mRNA levels, by miR-22 and has-miR-4717-5p,
and at the protein level, by proteasome-mediated degradation with the assistance of other

proteins such as FOX044, CUL4B, and DDB1. Because many of these regulatory

mechanisms are usually not selective and can influence other proteins, manipulating RGS2
expression by combining drugs that targets multiple mechanisms of regulation is potentially

more advantageous.
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Table 1

Transcription factors shown to regulate RGS gene transcription

Transcription Factor | RGS gene Regulated | Cells Type of Regulation | References
CREB RGS2 vascular smooth muscle cells Activation [62]
RGS4 Cortical neurons Activation [136]
AP-1 RGS4 Colonic muscle cells Repression [66]
NF-xB RGS4 colonic muscle cells Activation [68]
RGS16 B lymphocytes Activation [72], [71]
STAT3 RGS2 cardiac myocytes Activation [70]
RGS7 AlAlv cortical cells Activation [24]
P53 RGS16 human EBL1 colon cancer cells Activation [73]
RGS13 B cells, mast cells Repression [67]
CREM RGS5 vascular smooth muscle cells Repression [64]
GATA-6 RGS4 Colonic muscle cells Activation [69]
Phox2b RGS4 cranial motor and sensory neurons | Activation [157]
YY1l RGS16 neonatal rat cardiac myocytes Repression [158]
Bcl6 RGS4 neuron-like PC6 cells Repression [63]
C/EBPB RGS4 neuron-like PC6 cells Activation [63]
NF-YA RGS4 neuron-like PC6 cells Activation [63]
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