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Abstract.

p-Arrestins (f-arrestin-1 and fS-arrestin-2) were first identified as proteins that have

the ability to desensitize G protein-coupled receptors (GPCRs). However, it has recently been
found that f-arrestins can activate signaling pathways independent of G protein activation. The
diversity of these signaling pathways has also been recognized. This leads to an appreciation of
[-arrestin-biased agonists, which is a new class of drugs that selectively activate f-arrestin-
mediated signaling without G protein activation. In this review, we will discuss the recent advance
of f-arrestin-mediated signaling pathways, including a brief account of different biased agonists,
their pharmacological applications, and novel f-arrestin research.
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1. Introduction

f-Arrestins are known as non-visual arrestins and
consist of two proteins: fS-arrestin-1 and fS-arrestin-2.
These are also referred to as arrestin-2 and arrestin-3,
respectively (1). As their names imply, f-arrestins were
identified as proteins that “arrest” the agonist-stimulated
Pr-adrenergic receptor signaling, analogous to the role of
arrestin in the turn-off mechanism of rhodopsin activa-
tion (1). However, it has been well recognized that
[-arrestins have their own signaling pathways (2). These
signaling pathways are independent of G protein activa-
tion. This review will focus on the new signaling path-
ways of f-arrestins and the clinical benefits of targeting
them.

2. Roles of f-arrestins in signaling pathways

2.1. Receptor endocytosis

The first recognized function of S-arrestins is to pro-
mote desensitization and internalization of G protein-
coupled receptors (GPCRs) (1). Agonist activation of
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GPCRs is usually followed by receptor phosphorylation
by G protein-coupled receptor kinases (GRKs). This
phosphorylation promotes recruitment of S-arrestins to
the receptor (1). When f-arrestins bind to the activated
GPCRs, f-arrestins undergo a conformational change
and act as scaffolding proteins that form a complex with
heterotetrameric clathrin adaptor protein (AP-2) and
clathrin. Clathrin is recruited to the plasma membrane by
receptor-bound f-arrestins, and the membrane buds are
formed inwardly. Two other proteins, amphiphysin and
dynamin, act on the pit and pinch off the plasma mem-
brane to form an endocytic vesicle. The internalized re-
ceptors will be either recycled back to the plasma mem-
brane or targeted to lysosomes for degradation. In
addition to the roles of f-arrestins in internalization of
GPCRs, they are also involved in the internalization of
the membrane proteins that do not belong to the GPCR
family, such as transforming growth factor-f receptor-2
(3), insulin like growth factor receptors (4), nicotinic
acetylcholine receptor (5), and transient receptor poten-
tial ion channel (TRPV4) (6).

2.2. Extracellular signal-regulated kinase (ERK)
activation

It is well established that f-arrestins can activate ERK1
and ERK2 (ERK1/2) through their own pathways without
G protein activation. f-Arrestin-mediated ERK activa-
tion requires GRKS5 and GRK6 but not GRK?2 activation
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(7). The role of p-arrestin-dependent ERK activation
differs from that of G protein-dependent ERK activation.
p-Arrestin-dependent ERK1/2 activation is generally
associated with decreased apoptosis and increased acti-
vation of survival signaling in cardiomyocytes and
HEK293 cells. In contrast to f-arrestin-mediated ERK1/2
activation, G protein-dependent ERK1/2 activation is
often associated with increased apoptosis in cardiomyo-
cytes and HEK293 cells. This suggests that S-arrestin-
dependent signaling is a promising target for controlling
cardiovascular diseases, especially heart failure. It has
been recently reported that acute mechanical stress of the
heart induces f-arrestin-2-mediated ERK1/2 activation
through angiotensin II type 1 receptor (AT1R). Essen-
tially, the same pathway is involved in the activation of
ERK in response to acute mechanical stress and
p-arrestin-biased agonists (8). Although chronic me-
chanical stress induces heart failure, acute mechanical
stress through p-arrestin-dependent signaling inhibits
cardiomyocyte apoptosis and may protect against heart
failure (9). Localization of signaling proteins is one of
the important factors for proper cellular responses. Lo-
calization of ERK1/2 activated by a S-arrestin-mediated
pathway is different from that of ERK1/2 activated by a
G protein-dependent pathway. ERK1/2 activated by a
p-arrestin-mediated pathway is more localized in the
cytoplasm than in the nucleus, while ERK1/2 activated
by a G protein-dependent pathway is widely distributed
in the cytoplasm and the nucleus. The mechanism of
p-arrestin-dependent ERK1/2 localization in the cyto-
plasm of the heart and its role in cardiomyocyte apoptosis
is still unknown and under investigation. It has been re-
ported that the roles of f-arrestin-1 and fS-arrestin-2 in
ERK activation differ from each other. AT1R-stimulated
activation of ERK1/2 in HEK293 cells increases when
the cellular level of S-arrestin-1 is strongly inhibited (10).
This suggests that f-arrestin-1 and f-arrestin-2 may each
antagonize ERK activation.

2.3. RhoA/ROCK pathway

New lines of evidence indicate that f-arrestin-
dependent signaling is involved in RhoA/ROCK pathway
activation. This pathway is dependent upon f-arrestin-1
but not S-arrestin-2 (11). Although the exact mechanisms
of p-arrestin-1-mediated RhoA/ROCK signaling are still
under investigation, it has been reported that f-arrestin-1
enhances angiotensin II-stimulated RhoA/ROCK signal-
ing by inhibiting AthGAP (12). The function of ArhGAP
is to deactivate RhoA. In many cases, f-arrestin-mediated
signaling is protective against cellular stresses. However,
there are many reports indicating that activation of RhoA
causes the development of many diseases including heart
failure (13). The role of RhoA activation by fS-arrestin-

biased agonists in cardiomyocyte apoptosis remains to be
determined. Like the inhibitory effect of f-arrestin-1 on
[-arrestin-2-dependent ERK1/2 activation, it has been
found that fS-arrestin-2 reduces pS-arrestin-1-dependent
RhoA activation (11). These results suggest that
[S-arrestin-1 and f-arrestin-2 may regulate each other’s
effects to adjust the intracellular signaling intensity.

2.4. Other signaling pathways

[-Arrestin-2 can mediate negative regulation of inter-
leukin (IL)-1p, IL-12, and IL-6 production; natural killer
cell-mediated toxicity; NF-«B transcription factor activ-
ity; and tumor necrosis factor production (14, 15).
[-Arrestin-2 can also mediate positive regulation of the
Akt (also known as protein kinase B) signaling cascade
(16). S-Arrestin-1 is reported to be involved in the posi-
tive regulation of the activity of a small GTPase such as
RhoA and histone acetylation (11, 17).

Signaling pathways through GPCR are summarized in
Fig. 1. In this scheme, S-arrestins participate in two sig-
naling pathways: GPCR desensitization and G protein-
independent signaling.

3. f-Arrestin-biased agonists with promising thera-
peutic potential

3.1. Carvedilol

Carvedilol is a non-selective f-blocker / a;-blocker,
and it is widely used for the treatment of mild to moder-
ate congestive heart failure (18). Recent studies on
carvedilol indicate that it activates cardioprotective sig-
naling through f-adrenergic receptors, f-arrestin, and
ERK1/2 activation. It has also been shown that carvedilol
activates a survival signal in the heart through a
[-arrestin—Src—EGF receptor signaling pathway (19, 20).
As carvedilol inhibits excess stimulation of catecholamine
by blocking the binding to the f;-adrenergic receptor,
activation of a survival signal through a p-arrestin-
dependent pathway is more effective for controlling
chronic heart failure.

3.2. SII-AnglII and TRV120027

Angiotensin II is an eight-amino-acid peptide (Asp-
Arg-Val-Tyr-Ile-His-Pro-Phe-OH) and regulates many
important cardiovascular functions, including constric-
tion of blood vessels and stimulation of aldosterone
production. Angiotensin II binds AT1R and activates Gq
and G, family proteins, as well as f-arrestins. SII-Angll
([Sar', Ile*, Ile*]angiotensin II) and TRV120027 (Sar-
Arg-Val-Tyr-Ile-His-Pro-p-Ala-OH) are f-arrestin-
biased agonists of ATIR (21, 22). Both agonists can
decrease blood pressure, increase cardiomyocyte con-
tractility, increase cardiomyocyte performance, and de-
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Fig. 1. GPCR-mediated signaling pathways. f-Arrestins participate in two signaling pathways: one is desensitization/internal-
ization, and the other is G protein-independent signaling. The internalized GPCRs can activate signaling cascades like GPCRs

expressed on the plasma membrane.

crease cardiac fibrosis (22, 23). TRV120027 is also the
first biased agonist designed to treat acute heart failure
patients and is under phase 2a trial.

3.3. PTH-parr

Parathyroid hormone (PTH) is an 84-amino-acid
polypeptide, and plays an important role in the homeo-
stasis of Ca’" and phosphate. PTH binds to a PTH recep-
tor and activates the G, and G, family proteins, as well as
p-arrestins. PTH(1-34) is approved as a drug for the
treatment of osteoporosis. PTH(1-34) activates not only
G protein signaling but also fS-arrestin-mediated signal-
ing. G protein-mediated signaling activates both bone
resorption and formation. In contrast to G protein-medi-
ated signaling, a f-arrestin-biased agonist selectively
activates bone formation. PTH-Barr (p-Trp'?, Tyr*-
SPTH(7-34)) is found to be a PTH receptor—biased ago-
nist that activates S-arrestin-2 but not classic G protein
signaling (24). PTH-parr stimulated anabolic bone for-
mation, and this effect was greatly decreased in
f-arrestin-2-knockout mice (25). This suggests that
p-arrestin-2-mediated signaling selectively activates
bone formation without bone resorption. Thus, a

[-arrestin-biased agonist could be better than classical
drugs depending on the purpose of treatment.

3.4. INJ7777120

Histamine receptors are divided into four subtypes: H;
to Hs. Hy mediates inflammatory responses and H, plays
an important role in acid secretion from gastric parietal
cells. H; works as the receptor that regulates neurotrans-
mitter release, such as histamine and GABA. Hy
participates in the migration of neutrophils, mast cells,
and other inflammatory cells. JNJ7777120 is an
indole derivative {1-[(5-chloro-1H-indol-2-yl)carbonyl]-
4-methylpiperazine} and has been described as a selec-
tive antagonist at the H. histamine receptor (26).
INJ7777120 is widely used to characterize the physio-
logical role of the H, receptor. It has been recently found
that JNJ7777120 is a biased/inverse agonist that activates
f-arrestin signaling and inhibits G protein signaling. As
the H, histamine receptor is highly expressed in he-
mopoietic cells, it is suggested that JINJ7777120 is a
promising new compound for the treatment of chronic
inflammatory diseases (26, 27).
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3.5. Ms-muscarinic receptor—biased agonists
M;-muscarinic receptor is a member of the muscarinic
receptor family. A recent study showed that Ms;-muscar-
inic receptor activation in the brain regulates learning
and memory in a f-arrestin-dependent manner (28). The
M;-muscarinic receptor is expressed in the central ner-
vous system, including the hippocampus, and is proposed
to be involved in learning and memory induced by fear
conditioning. Knock-in mice of GRK-catalyzed phos-
phorylation-deficient Ms;-muscarinic receptor revealed
an important role in memory and learning of the hip-
pocampus in a f-arrestin-dependent manner. This may
lead to the discovery of more efficient therapies against
Alzheimer disease. In the pancreas, Ms;-muscarinic re-
ceptor activation augments sustained insulin secretion by
a G protein-independent but S-arrestin-dependent path-
way through Ms-muscarinic receptor and protein kinase
D1 activation (29). Selective activation of f-arrestin-
mediated signaling will be a novel way to improve the
control of blood glucose levels in diabetic patients.

3.6. GPR109A-biased agonists

GPR109A is the receptor for nicotinic acid and couples
with Gi. Nicotinic acid is used for the treatment of hy-
perlipidemia. It decreases the amounts of plasma low
density lipoprotein (LDL) and triglyceride and increases
the level of plasma high density lipoprotein (HDL). The
most common side effect of nicotinic acid is flushing. It
has been reported that f-arrestin-1 mediates nicotinic
acid—induced flushing, as nicotinic acid—induced flush-
ing is greatly inhibited in f-arrestin-1-knockout mice
(30). However, the lipolytic action of nicotinic acid was
not affected in fS-arrestin-1-knockout mice (30). Thus,
lipolytic action of nicotinic acid is mediated by Gy, and
flushing is mediated by f-arrestin-1. This also suggests
that G protein-biased agonists could be better drugs for
the treatment of hyperlipidemia. Several compounds are
now reported to activate lipolytic action without affect-
ing flushing (31). Clinical trials will answer the interest-
ing question of whether G protein-biased agonists work
better than nicotinic acid.

4. New advances in f-arrestin-dependent signaling
pathways

It was reported that SII-Angll stimulation increases
phosphorylation of 35 proteins. It was also found that
SII-AngllI changes the phosphorylation states of 38 pro-
tein kinases and three phosphatases (32). Another study
reported that SII-Angll stimulation regulates 36% of
phosphorylation reactions among 1,183 phosphorylations
regulated by ATIR stimulation (33). These results sug-
gest that p-arrestin-mediated / G protein-independent

signaling may be more pronounced than previously rec-
ognized for AT1R and other G protein-coupled receptors
as well. As these f-arrestin-biased signaling pathways
have a high possibility of therapeutic benefit in many
cases, development of fS-arrestin-biased agonists could
be one of the most promising strategies for the develop-
ment of new therapeutic agents.
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