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The emerging roles of B-arrestins in fibrotic diseases
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B-Arrestinl and B-arrestin2 are important adaptor proteins and signal transduction proteins that are mainly involved in the
desensitization and internalization of G-protein-coupled receptors. Fibrosis is characterized by accumulation of excess extracellular
matrix (ECM) molecules caused by chronic tissue injury. If highly progressive, the fibrotic process leads to organ malfunction and,
eventually, death. The incurable lung fibrosis, renal fibrosis and liver fibrosis are among the most common fibrotic diseases. Recent
studies show that B-arrestins can activate signaling cascades independent of G-protein activation and scaffold many intracellular
signaling networks by diverse types of signaling pathways, including the Hedgehog, Wnt, Notch and transforming growth factor-3
pathways, as well as downstream kinases such as MAPK and PI3K. These signaling pathways are involved in the pathological process
of fibrosis and fibrotic diseases. This B-arrestin-mediated regulation not only affects cell growth and apoptosis, but also the deposition
of ECM, activation of inflammatory response and development of fibrotic diseases. In this review, we survey the involvement of
B-arrestins in various signaling pathways and highlight different aspects of their regulation of fibrosis. We also discuss the important
roles of B-arrestins in the process of fibrotic diseases by regulating the inflammation and deposit of ECM. It is becoming more evident

that targeting B-arrestins may offer therapeutic potential for the treatment of fibrotic diseases.
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Introduction
B-Arrestins are adaptor proteins and signal transduction
proteins that play an important role in molecular regulation.
Previously, several studies have suggested that 3-arrestins
are well known for negatively regulating G-protein-coupled
receptor (GPCRs) signaling and that they participate in recep-
tor desensitization and internalization. With detailed studies,
researchers have determined that -arrestins not only desen-
sitize GPCR transduction pathways but also activate a second
signaling pathway downstream of the GPCR transduction
pathways. Further, B-arrestins can form complexes with sev-
eral signaling proteins, including the receptor tyrosine kinase
(RTK) and the mitogen-activated protein kinase (MAPK), and
regulate the recruitment, proliferation, apoptosis and activa-
tion of cells.

Fibrosis is defined as the accumulation of excess extracel-
lular matrix (ECM) components. If highly progressive, the
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fibrotic process leads to organ malfunction and, eventually,
death. To date, fibrotic diseases have been largely overlooked,
despite contributing to as many as 45% of deaths in the indus-
trialized world™. In recent decades, our understanding of the
pathogenesis of fibrosis has coalesced into a coherent view
of how tissues accumulate in collagen-rich ECM in response
to tissue injury. The vibrancy of a recent Keystone Sympo-
sium on Tissue Fibrosis demonstrates that fibrotic diseases
are becoming therapeutically tractable”. Recent studies have
shown that abnormal expression of B-arrestins is closely asso-
ciated with fibrotic diseases. Thus, in this review, we convey
our understanding of how B-arrestins contact the fibrosis sig-
naling pathway, highlighting the emerging consensus regard-
ing the function of B-arrestins in fibrotic diseases and the pos-
sibility of therapy by targeting B-arrestins.

Structure and functions of B-arrestins

Arrestins constitute a six-member family. B-Arrestinl and
[-arrestin2 are extensively expressed in mammals. Arrestinl
(visual arrestin) and arrestin4 (cone arrestin) have restricted
expression patterns and localized primarily in visual sensory
tissue” but D- and E-arrestins remains to be characterized"..
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The discovery of arrestins in the late 1980s resulted from the
observation that increasingly pure preparations of GPCR
kinase2 (GRK2) progressively lost the ability to desensitize
G-protein activation in a reconstituted {3,-adrenergic recep-
tor (B-AR) system”, and molecular cloning confirmed and
revealed its isoforms. Subsequently, B-arrestinl was cloned

from a bovine brain cDNA library"

, and P-arrestin2 was
cloned from a rat brain cDNA library'.

The amino acid sequences of the two P-arrestin isoforms
are 78% identical. Structurally, these sequences comprise
two seven-stranded P sandwiches, termed the N-terminal
and C-terminal domains, connected by a 12-residue linker
(hinge region)”. The N-terminal and C-terminal domains
that may undergo substantial conformational rearrangement
after receptor binding are residues 282-309 of B-arrestinl and
the C-tail (which is connected to the C-domain with a residue
linker)®. The hinge does not participate in stable molecular
interactions, but its main effect is to make the structures of the
C- and N-termini move freely and transform p-arrestins into

o

an active conformation™. The N-terminus of the p-arrestins

contains Src-SH3 binding sites"”, and the C-terminus includes
JNK3 binding sites"". The C-terminal end also contains the
grid, which is an AP2 binding site!"” involved in receptor
internalization. The serine 412 of P-arrestinl is the site of
extracellular signal regulated kinasel/2 (ERK1/2)-mediated

13]

phosphorylation™®. From a structure/function perspective,
the phosphorylation and ubiquitination of -arrestins are
important to the interaction of B-arrestins and the receptor.
For p-arrestin2, which is phosphorylated by casein kinase II
(CK2), threonine 383 is the primary phosphorylation site, and
serine 361 represents a secondary sitel'* ', S412D B-arrestinl,
which mimics the phosphorylated form of p-arrestinl, acts as
a dominant negative mutant with respect to receptor internal-
ization™. The N-terminal half of B-arrestin2 interacts with
residues 383 to 410 of Mdm?2, the E3 ligase responsible for
B-arrestin2 ubiquitination”!, determining the stability of the
interactions of B-arrestins with the receptor.

Using mass spectrometry-based proteomics approaches,
337 proteins have been identified that interact with B-arres-
tins. Seventy-one proteins interact with {-arrestinl, 164 inter-
act with B-arrestin2, and 102 interact with both p-arrestins [,
These proteins were ubiquitously distributed in the cell and
have numerous functions ranging from receptor desensitiza-
tion, endocytosis, and signal transduction to the regulation
of gene expression, protein synthesis, cellular reorganization,
chemotaxis, apoptosis, and many more. In addition, knockout
studies have shown that -arrestinl knockout mice develop
normally but that B-arrestinl is required for normal adrener-
gic response!”. B-Arrestin2 knockout mice develop normally
as well, but they display increased analgesia in response to
morphine®. Even with impaired signaling in numerous path-
ways, mice with ablation of either B-arrestinl or p-arrestin2
appear healthy and function normally unless challenged.
However, the double-knockout phenotype is embryonically
lethal, implying that each B-arrestin can substitute for the

other isoform to a certain extent 2,
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B-Arrestin-mediated signaling pathways involved in
fibrotic diseases

Upon their discovery, B-arrestinl and p-arrestin2 were named
for their capacity to sterically hinder the G-protein coupling
of agonist-activated GPCRs, ultimately resulting in receptor
desensitization and internalization. In recent years, B-arrestins
have been shown to activate signaling cascades independent
of G-protein activation and scaffold many intracellular signal-
ing networks by diverse types of signaling pathways, includ-
ing the Hedgehog, Wnt, Notch, and transforming growth
factor-beta (TGF-B) pathways, and downstream kinases such
as MAPK and phosphatidylinositol-3 kinase (PI3K, Figure
1). These signaling pathways are involved in the pathologi-
cal process of fibrosis and fibrotic diseases. This p-arrestin-
mediated regulation appears to play important roles in cell
growth and apoptosis and affects the deposition of ECM, the
activation of the inflammatory response”>!
ment of fibrotic diseases.

, and the develop-

GPCR signaling pathway
GPCR is the single largest family of drug targets. Many extra-
cellular stimuli, such as neurotransmitters, hormones, chemo-
kines, inflammatory mediators, and light, are recognized by
GPCRs. Advances in the study of GPCR regulation have pro-
vided novel insights into the role of B-arrestins in this process.
B-Arrestin binding initially uncouples GPCRs from the
G-protein as negative regulatory molecules of the GPCR
signaling pathways. Upon ligand binding, GPCRs undergo
conformational changes that allow them to be recognized by
the family of GRKSs that phosphorylate the receptors on their
intracellular loops and C-terminal tails®. B-Arrestin bind-
ing to the receptors is generally enhanced by GRK-mediated
phosphorylation of multiple sites on the inner surface of the
receptors. This modification leads to -arrestin recruitment,
which sterically hinders further signaling to G-proteins, thus
leading to the classical phenomenon of receptor desensitiza-
tion. B-Arrestins can also mediate the endocytosis of recep-
tors, leading to numerous physiological outcomes, including
receptor degradation, receptor recycling, and the generation of
“signalosomes,” in which p-arrestins scaffold various proteins
to potentiate distinct downstream signaling events.
B-Arrestin] and p-arrestin2 can both desensitize GPCRs, but
it has been reported that (-arrestinl is mainly localized in the
cytoplasm and nucleus while -arrestin2 is predominantly dis-
tributed in the cytoplasm™™ *!. The C-terminus of B-arrestin2
facilitates its extranuclear localization and hinders its reten-
tion in the nucleus. Thus, the p-arrestinl subtype might play
a more important role in GPCR-mediated nuclear signaling®.
In addition, GPCRs can be categorized into one of two classes
based on ligand-induced GPCR interaction with B-arrestins.
Class A GPCRs, such as §3,- and a;-adrenergic, p-opioid, endo-
thelin ET,, and dopamine D,A receptors™), possess a higher
affinity for p-arrestin2 compared to P-arrestinl and interact
with both p-arrestins in a transient manner, leading to tran-
sient ubiquitination of p-arrestins. Class B GPCRs, such as
neurotensin, thyrotropin-releasing hormone, and angiotensin
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Figure 1. B-Arrestins are multifunctional signaling regulators that participate in many signaling pathways. There are two ways to regulate GPCR
transduction pathways: First, G-proteins combine with agonists, stimulating second-messenger systems, and B-arrestins bind to GPCRs phosphorylated
by GRKs, thus terminating G-protein signaling and initiating a distinct set of signals. Second, they can regulate receptors without stimulating any
detectable G-protein signaling. B-Arrestins are also associated with RTK, internalize TBRIII, activate Wnt and decrease TLR-IL-1R signaling pathways
in different ways. They affect the growth, proliferation and inflammatory responses of cells. The B-arrestin-mediated regulation found in some fibrotic

diseases influences their progress.

11 type 1 receptors (AT,;R)P", exhibit strong and equivalent
affinity for both p-arrestinl and p-arrestin2, resulting in sus-
tained B-arrestin ubiquitination®". The key sequence determi-
nants that distinguish class A and class B receptors, most nota-
bly in the C-termini of the receptors™, may result in distinct
GPCR signal transduction.

Recent studies have found that pB-arrestins can induce
G-protein signaling but fail to stimulate G-protein phosphory-
lation®.  G-proteins can stimulate second-messenger systems
such as calcium (Ca®*) and cyclic adenosine monophosphate
(cAMP). Studies have detected increased phosphorylation
of the cAMP response element binding protein (CREB) and
elevated P-arrestin2 expression in cystic fibrosis (CF). Elimi-
nating B-arrestin2 expression in a CF mouse model decreased
pCREBPY. In addition, several ligands, including angiotensin
II, antagonists of B2-AR, and chemokines that characterized
ligands for a number of receptors, exhibited a reversal of effi-
cacy, where a ligand acting as an antagonist or inverse agonist
for G-protein coupling functions as a f-arrestin pathway-selec-
tive agonist, or vice versa. These P-arrestin-biased ligands
are also involved in fibrotic diseases. Transgenic mice with
cardiac-specific overexpression of AT,R second intracellular
loop mutant (AT;-i2m), which does not couple to Gaq or Gai,
exhibited increases in p-ERK staining in the cytoplasm (but
not in nuclei) of cardiac myocytes but exhibited less apoptosis
and fibrosis than did wild type (WT) micet™. The B-arrestin-
biased ligand TRV120027, which is improved by angiotensin II

combined with ATR, competitively antagonizes angiotensin
II-stimulated G-protein signaling but stimulates -arrestin
recruitment and activates several kinase pathways, includ-
ing MAPK and Src. Consistent with unbiased antagonists
that decreased cardiac performance, TRV120027-activated
ERK1/2 increased cardiac performance and preserved cardiac
stroke volume®, and may also suppress fibrosis. Several p-
AR blockers are known as P-arrestin-biased ligands. They
selectively activate a G-protein-independent and GRK5/p-
arrestin2-dependent pathway and induce cardiac fibrosis, pro-
moting the expression of fibrotic genes in cardiomyocytes®”..

RTK-mediated signaling pathway

RTK is an important signaling protein, as well as a type of
receptor regulated by B-arrestins. The RTK/Ras guanosine
triphosphatase (GTPase)/ MAPK and RTK/PI3K/protein
kinase B (PKB/ Akt) signaling pathways are repeatedly used
during metazoan development to control many different bio-
logical processes. Receptors such as the epidermal growth
factor (EGF) receptor (EGFR) and the insulin-like growth
factorl (IGF-1) receptor (IGF-1R) belong to RTK. IGF-1 can
stimulate collagen synthesis and myoid fibroblast prolifera-
tion, and increased IGF-1 expression in multiple mesenchymal
cell subtypes and increased numbers of cells with a fibroblast/
myofibroblast phenotype are involved in fibrosis associated
with Crohn's disease (CD)P®. The previous study provides
strong evidence that p-arrestins serve as adaptors, bringing
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the Mdm?2 ligase to the IGF-1R for ubiquitination and down-
regulation and increased IGF-1-induced ERK activation™,
Additionally, in response to IGF-1 stimulation, -arrestinl
mediates the activation of PI3K in a pathway that leads to the
subsequent activation of Akt and anti-apoptosis. This process
is independent of both G-protein and ERK activity™. EGF
can promote a variety of types of cell proliferation. In p1-AR-
expressing HEK293 cells, researchers have found that (;-AR
transactivation of cardiac EGFR has a cardioprotective role
in the face of chronic catecholamine stimulation, and both
B-arrestinl and B-arrestin2 are required for (;-AR transactiva-
tion of EGFR. Ligand stimulation of {3;-AR leads to GRK5/6-
mediated receptor phosphorylation and p-arrestin recruit-
ment. [-Arrestins recruit Src to the activated receptor. This
effect leads to matrix metalloproteinase (MMP) activation with
the release of heparin-binding EGF, which promotes EGFR
dimerization and autophosphorylation and subsequent down-
stream signaling™’.

TGF-B signaling pathway

The transforming growth factor B (TGF-f) superfamily con-
tains more than 30 secreted proteins and three receptors.
These proteins are involved in numerous fibrotic disease
development processes, including hepatic fibrosis, pulmonary
fibrosis, and cardiac fibrosis. Smad-dependent mechanisms
are the most widely studied downstream mediators of TGF-f3
signaling. Recent studies have also delineated several Smad-
independent signaling pathways, including MAPK, PI3K/ Akt,
and Rho-like GTPases"'. As p-arrestins have been reported in
the regulation of all of these pathways, it may not be surpris-
ing that B-arrestins are also involved in the TGF-P signaling
pathway.

The type III TGF-p receptor (TPRIII) is a transmembrane
proteoglycan without a functional kinase domain and is con-
sidered to be a co-receptor to increase the affinity of ligand
binding to TPRIIL In interstitial pulmonary fibrosis, TPRIII is
significantly downregulated during TGF-p-induced differen-
tiation in fibroblasts. TGF-3-induced a-SMA and procollagen
type I expression is markedly inhibited in fibroblasts stably
expressing TBRIIL. Endogenous TPRIII expression does not
alter the TPRI or TPRII levels, but inhibits Smad 2/3, Akt
and ERK phosphorylation”. Additionally, P144, a synthetic
peptide from TPRIII, inhibits the TGF-p1-dependent signaling
pathway and collagen type I synthesis in cardiac fibroblasts*’.
Studies found that p-arrestin2 binds TPRIII *Y and mediates
its clathrin-independent/lipid raft pathway-dependent inter-

nalization!®'.

The cytoplasmic domain of TPRIII dissociates
the type III receptor from the activated signaling complex
between TPRII and TPRI. Then, the active signaling complex

phosphorylates downstream signaling*, and B-arrestin2 may
regulate this process to influence TGF- signaling in fibrotic

diseases.

Whnt sighaling pathway
Briefly, Wnt signaling pathways can regulate cell prolif-
eration, differentiation, and polarity at various stages of

Acta Pharmacologica Sinica

development!””], promote collagen gel contraction, a-SMA
expression, and cell migration in human dermal fibroblasts*,
and stimulate cell proliferation and collagen expression in
I When Wnt interacts with target
cells, it binds a heterodimeric receptor complex consisting of
Frizzled (FZD) and a LRP5/6 protein. The cytoplasmic part
of FZD interacts with Dishevelled (Dv1)*", and Dvl activa-
tion is followed by the inhibition of a destruction complex
comprising axin, glycogen synthase kinase 3p (GSK 3f) and
adenomatous polyposis coli (APC), which results in the stabi-

skeletal muscle fibrosis

lization of -catenin and the activation of several transcription
factors, which can lead to different diseases. P-Arrestinl has
been identified as a positive modulator of the Wnt/-catenin
pathway, and -arrestin2 has been identified as a mediator for
the agonist-induced internalization of FZD,""*?. B-Arrestin2
can interact with axin and Dvl after Wnt stimulation of mouse
embryo fibroblasts (MEFs)™, resulting in the stabilization of
B-catenin. In addition, the absence of -arrestin2 can reduce
Dvl activation in mouse embryonic fibroblasts, inhibiting
-catenin signaling. Furthermore, this protein can regulate
transcription factors by indirectly inhibiting C/EBP and
PPARY™, which can suppress fibrosis. Henderson et al®
found that ICG-001, a unique small molecule that selectively
inhibits the activation of Wnt/{-catenin signaling induced
by bleomycin, in vivo results in the downregulation of a sub-
set of target genes. P-Arrestinl”/~ and B-arrestin2™/~ mice
were remarkably protected from the mortality of bleomycin-

induced pulmonary fibrosis®®!

. The loss of B-arrestin2 effec-
tively reduced the activation of 3-catenin and Wnt-related tar-
gets in chronic myelogenous leukemia (CML) cells®. There
is also evidence in other cellular contexts that Wnt ligands can
stimulate PI3K-mediated activation of Akt and/or ERK signal-
ing cascades, and these pathways are well known to be regu-

lated by p-arrestins.

MAPK signaling pathway

The MAPK signaling pathway provides cells with the means
to interpret external signaling cues or conditions and respond
accordingly. This cascade regulates many cell functions such
as differentiation, proliferation and migration. Following
stimulation, receptors activate MAPK through G-protein- and
[B-arrestin-dependent mechanisms.

Activated ERK signals are rapid and transient because they
are quickly quenched by G-protein. In contrast, f-arrestin-
mediated ERK responses are slower and more persistent,
generally retaining the activated kinases in the cytosol®” >l
and causing a series of cellular responses including cell prolif-
eration, differentiation, and collagen synthesis. p-Arrestin2-
mediated activation of ERK stimulates the activity of CREB in
CFP. siRNA targeting B-arrestin2 mRNA inhibit the activa-
tion of ERK1/2 in hepatic stellate cells (HSCs)™. B-Arrestin2
aggravates atherosclerosis through mechanisms involving
SMC proliferation and migration by ERK™.. Additionally,
B-arrestinl and B-arrestin2 negatively regulate LPS-induced
NF-xB activation, but f-arrestin2-mediated ERK positively
regulates LPS-induced IL-6 production and both B-arrestinl
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and B-arrestin2 positively regulate LPS-induced IL-8 produc-

tion®”,

This signaling pathway may explain the {-arrestinl-
and p-arrestin2-promoted inflammation in some fibrotic
diseases. JNK3 is another MAPK activated by p-arrestin sig-
naling pathways. B-Arrestin2 acts as a scaffold for JNK3 and
its upstream kinases, MAPK kinase 4 (MKK4), and apoptosis
signaling kinasel (ASK1). Cellular transfection of -arrestin2
causes cytosolic retention of J]NK3 and enhances JNK3 phos-
phorylation stimulated by ASK1. Moreover, the stimulation
of the AT{R activates J]NK3 and triggers the co-localization of
B-arrestin2 and actives JNK3 to intracellular vesicles®, similar
to the ERK cascade discussed above. Inhibiting p38 MAPK
will control cystic fibrosis and lung fibrosis by reducing
inflammation!®®!. Studies have found that p-arrestin2 expres-
sion enhanced chemokine-induced p38 MAPK activation in
HEK293 cells'®!); similarly, silencing p-arrestinl expression
by siRNA inhibited the early phase activation of p38 MAPK
induced by B-2AR.

NF-kB signaling pathway

The nuclear factor-xB (NF-xB) family is one of the most
common transcription factor families, and its members are
involved in inflammatory response-related fibrotic diseases
such as ulcerative colitis (UC) and cardiac fibrosis. Overex-
pression of either B-arrestinl or $-arrestin2 led to marked inhi-
bition of NF-xB activity, as measured by reporter gene activ-
ity[ZS
of IxBa at a cluster of C-terminal sites. CK2 phosphorylation

|, NF-B activation depends on the CK2 phosphorylation

of B-arrestin2 blocks its interaction with IxBa and abolishes its
suppression of NF-kB activation!®, Tumor necrosis receptor-
associated factor 6 (TRAF6) is critical for mediating Toll-like
receptor (TLR)-interleukinl receptor (IL-1R) signaling and the

subsequent activation of NF-xB.

PI3K/Akt signaling pathway

Signaling via the PI3K/Akt pathway has been a focus in the
study of many diseases, including the pathologic conditions of
fibrosis. Activated Akt modulates the function of numerous
substrates involved in the regulation of cell survival, cell cycle
progression and cellular growth. In vitro inhibition of Akt acti-
vation in both human and rat HSC can induce HSC apoptosis
and suppress collagen synthesis ®!. Additionally, inhibiting
Akt signaling protects against pulmonary and kidney fibro-
sis!®” 71 This study demonstrated that PI3K/ Akt signaling
can be adjusted by p-arrestins. In MDA MB-468 and NIH3T3
cells, protease activated receptors 2 (PAR-2) can promote PI3K
activity through a Ga-dependent pathway; however, PAR-2
can also inhibit PI3K activity through a p-arrestins-dependent
pathway. The PI3K is recruited into a scaffolding complex
containing PAR-2 and B-arrestin1”. In a study of mouse
embryonic fibroblasts, insulin-like growth factor-1 (IGF-1) acti-
vated the PI3K/ Akt pathway through B-arrestinl, promoting

cell proliferation.

B-Arrestins in the progression of fibrotic diseases
Excessive tissue scarring (ie, fibrosis) is characterized by the

excessive deposition of ECM, including collagen, glycopro-
teins and fibronectin. In normal situations, remodeling of the
ECM ends and the formed scar tissue is partially degraded,
resulting in new, functioning tissue”. Therefore, fibrosis can
be defined as the net result of the balance between ECM pro-
duction and degradation, and fibrosis is initially a reversible
process!”

this process can be dangerous and disruptive for the affected

. However, when fibrosis continues uncontrolled,

tissue.

Although fibrotic diseases have become increasingly recog-
nized as a problem, at present, success in treating fibrosis has
been limited, and inhibiting the ECM, accelerating ECM deg-
radation, and fighting inflammation are the major treatment
approaches. In recent years, more and more studies have
found that p-arrestins play a role in fibrosis and hence affect
the process of fibrosis.

Liver fibrosis and cirrhosis

Studies showed that in a porcine serum-induced hepatic
fibrosis model, hepatic fibrosis is aggravated by gradually
increasing the expression of B-arrestin2 in the hepatic tissues,
but not B-arrestinl. The activation of HSCs involves transdif-
ferentiation from a quiescent state to myofibroblast-like cells
with the appearance of a-SMA™!
the progression of fibrosis. An immunofluorescence double-

, playing a significant role in

labeling assay indicated that the expression of p-arrestin2 has
a positive correlation with the expression of a-SMA. In vitro,
the expression of B-arrestin2 increased remarkably in platelet
derived growth factor (PDGF)-BB-stimulated HSCs. Further-
more, transfection of siRNA targeting (-arrestin2 mRNA into
HSCs abolished the effect of PDGF-BB on the proliferation
of HSCs and the inhibition of the activation of ERK1/2 in
HSCs,
present as a novel strategy for the treatment of hepatic fibrosis.

Selective targeting of p-arrestin2 into HSCs might

Studies based on PBC patients have found that in periph-
eral blood mononuclear cells (PBMCs), B-arrestinl increased
and the activities of NF-xB and AP-1 were downregulated.
The overexpression of P-arrestinl increased T cell prolifera-
tion, and B-arrestinl inhibited AP-1 and NF-xB activation!”
and regulated the expression of CD40L, LIGHT, IL-17, IFNy,
and TRAIL. As these factors are important in autoimmune
responses, these data suggest that silencing p-arrestinl might
be a strategy for treating PBC. In liver cirrhosis, the binding
of AT;R protein to B-arrestin2, was upregulated in aortas from
CCl, rats compared with those of noncirrhotic controls. This
usually results in the desensitization of receptor-coupled sig-
naling by G-protein. Stimulation with angiotensin II resulted
in Rho kinase activation in aortas from noncirrhotic control
rats, and this was not observed in aortas from cirrhotic CCl,
rats. In conclusion, impaired activation of the contraction-
mediated Rho kinase may explain the limited contractile
response of extrahepatic vessels in CCl, rats. This is caused
by dysregulation of vasoconstrictor receptors by the receptor-
modifying protein, which may contribute at least partially to
the vasodilation of CCl, rats”. Chronic hepatitis B and C are
major causes of liver cirrhosis. Liver biopsies from HBV and

Acta Pharmacologica Sinica
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HCV patients showed that based on expression activity, the
B-arrestin2 encoding gene ARRB2 exhibited higher activity in
the liver”.

B-Arrestinl and {-arrestin2 both promote liver fibrosis, cir-
rhosis and chronic hepatitis B and chronic hepatitis C, but
their functions are different. The above evidence suggests
that B-arrestins are regulators of multiple signaling pathways
involved in the formation of liver fibrosis. Further study of
the role of B-arrestins in liver fibrotic diseases may focus on
a more clear mechanism of how p-arrestin isoforms regulate
ECM protein and gene expression.

Lung fibrotic diseases

Lovgren et al®! used mice deficient in either B-arrestinl or
B-arrestin2 in the well-established bleomycin mouse model
of lung fibrosis. WT mice had approximately a 50% mor-
tality rate within 21 days after treatment. However, both
the B-arrestinl/~ and B-arrestin2”/~ mice were remarkably
protected from mortality. Knockdown of -arrestin2 and
B-arrestinl in idiopathic pulmonary fibroblasts resulted in an
inhibition of fibroblast invasion in patients and model rats.
Loss of pB-arrestinl or pB-arrestin2 in primary lung fibroblasts
resulted in the altered expression of genes such as Col5al,
MMP1a, and Cdhl, which are involved in matrix production,
basement membrane degradation, and cell adhesion. Thus,
B-arrestin induced intrinsic defects in fibroblast proliferative
pathways, which can promote the progression of pulmonary
fibrosis.

Asthma is a chronic inflammatory disorder of the airways,
and airway fibrosis is one of the key pathological features
of asthma phenotypes throughout the progression of the
disease”. B-Arrestin2 promotes IL-4 production of CD4* T
lymphocytes in a murine allergic asthma model partly through
mediating B-2AR internalization®”. Additionally, B-arrestin2,
p-ERK1/2 and IL-17 expression in CD4'T lymphocytes from
a murine asthma model increased compared with those from
WT mice, and treatment of CD4'T lymphocytes with siRNAs
targeting P-arrestin2 significantly downregulated p-ERK1/2
and IL-17 expression®!. When treated with OVA, WT mice
develop symptoms of allergic asthma; in contrast, the symp-
toms of allergic asthma, including airway inflammation and
airway hyperresponsiveness, do not appear in similarly
treated B-arrestin2”/~ mice!™.

CF is caused by the loss of cystic fibrosis transmembrane
conductance regulator (CFTR) function, resulting in the dys-
regulation of ion transport, abnormal inflammatory response
signaling, and altered cholesterol homeostasis both in CF-cell
models and in vivo studies. CF cells exhibited an increase in
the protein expression of pB-arrestin2 coincident with the peri-
nuclear accumulation of free cholesterol and the depletion of
[-arrestin? expression in CF cells with shRNA reduced choles-
terol accumulation. In vivo, the CF model reverted a quantifi-
able measure of cholesterol processing toward WT levels™!,
As CFTR is a cAMP-dependent negative regulator of Na*
channels, the above-described data demonstrate that elevating
the cAMP pathway is sufficient to initiate cholesterol accumu-
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lation. CREB can activate cAMP, and increased P-arrestin2
expression in CF cells has a positive correlation with CREB 4,
Thus, increased p-arrestin2 expression is a key to the develop-
ment of cholesterol-related phenotypes in CF cells.

B-Arrestinl and B-arrestin2 contribute to lung fibrotic dis-
eases by promoting ECM deposition; 3-arrestins/cAMP medi-
ate cholesterol accumulation, and [-arrestins/ ERK-mediated
inflammation. It is clear that B-arrestins can regulate certain
aspects of fibroblast behavior.

Renal fibrosis

Renal fibrosis is central to the progression of diabetic nephrop-
athy (DN). Nephrin is a novel podocyte-specific protein that
localizes at the slit diaphragm. Nephrin has shown low pro-
tein and mRNA expression in DN I, Co-immunoprecipita-
tion with pB-arrestin2 showed a specific p-arrestin2 interaction
with nephrin, leading to a decrease of cell surface nephrin
with increasing amounts of -arrestin2. Intensive study has
found that the nephrin tyrosine residue is a phosphorylation-
dependent switch®™). Increasing glucose levels induced a
significant dose-dependent increase in p-arrestin2 bind-
ing to nephrin. Overexpressing {-arrestin2 and the nephrin
C-terminus were treated with phorbol 12-myristate 13-acetate
in HEK293K, inducing a marked, significant increase in
the p-arrestin2-nephrin interaction after 20 min, and PKCa
reduced P-arrestin2 binding after 30 min of treatment. PKC is
a promising therapeutic target for diabetic nephropathy, as it
decreases the B-arrestin2-nephrin interaction!™,

Intestinal fibrosis

NF-xB is a crucial factor in chronic inflammation that can be
increased in the intestinal mucosa, accentuating inflammation
of the intestinal mucosa. In the intestine, chronic inflamma-
tion results in impaired healing and fibrosis, and intestinal

B Inflamma-

fibrosis is closely associated with inflammation
tory bowel disease (IBD) is a chronic and multifactorial gastro-
intestinal inflammatory condition that is clinically categorized
as ulcerative colitis (UC) or CD, and fibrosis is a common
problem in IBD.

Some studies have demonstrated that -arrestinl KO mice
exhibit attenuated disease pathology in experimental UC
induced by trinitrobenzene sulfonic acid (TNBS) or dextran
sulfate sodium (DSS). Diminished weight loss and clinical dis-
ease severity were observed in [-arrestinl KO mice compared
with DSS- or TNBS-induced UC mice, and p-arrestinl KO mice
exhibited a longer colon length compared with the WT group.
Additionally, the activation of ERK and NF-«B pathways is
regulated by p-arrestinl in the colon™. These data support
the theory that p-arrestinl promotes NF-xB, which is differ-
ent from other studies, and its mechanism remains unclear.
In addition, Fan et al®'! demonstrated that in the experimen-
tal UC rats induced by TNBS, compared with the normal
control group, the protein expression of NF-xB p65 was
significantly increased in the model group while the expres-
sion of B-arrestin2 expression was significantly decreased
in the colonic mucosa and in lymphocytes of the spleen. As
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B-arrestin2 is frequently anti-inflammatory in a variety of dis-
eases, these data suggest that f-arrestin2 may also play a role
in the development of ulcerative colitis.

Intriguingly, in UC, B-arrestinl has been demonstrated
to promote the NF-xB signaling pathway, even though pre-
vious studies have shown a negative regulatory role for
B-arrestin-1 in TLR-IL-1R-NF-kB signaling at the cellular
level. Thus, the different functions of B-arrestinl may be due
to the interaction of B-arrestinl with receptors such as TLRs
or GPCRs. Phosphorylated p-arrestin2 exhibited significantly
reduced interaction with IxBa, and the dephosphorylated
B-arrestin2 displayed much stronger interactions with IxBa
than B-arrestin2®.
tion of P-arrestinl may regulate the interaction with IxBa,

The phosphorylation/dephosphoryla-

subsequently affecting the activation of NF-xB. The function
of B-arrestinl in different cell types may also influence dis-
tinct cellular responses. The function and prognostic roles of
B-arrestins in UC still need further exploration.

Fibrotic cardiovascular diseases

Cardiovascular risk factors can initiate chronic inflammatory
responses and the formation of fibrosis, a key process in the
initiation and progression of atherosclerosis. The proliferation
and migration of smooth muscle cells (SMCs) are important
to the formation of atherosclerosis. Transcriptional profil-
ing data in severely atherosclerotic and non-atherosclerotic
human coronary arteries showed that p-arrestin2 mRNA lev-
els are two-fold higher in atherosclerotic patients than non-
atherosclerotic controls™. In animal models, genetic deletion
of the low-density lipoprotein (LDL) receptor (LDLR) causes
a moderate increase in plasma LDL cholesterol levels when
mice are fed normal chow, and severe elevated plasma LDL
cholesterol levels were associated with aortic atherosclerotic
lesions in mice that were fed a high-fat diet®. Kim et al®®
demonstrated that deficiency of B-arrestin2 in LDLR-knockout
mice reduced aortic atherosclerosis by 40% and decreased
the prevalence of atheroma SMCs by 35%, suggesting that
[-arrestin2 promotes atherosclerosis through effects on SMCs.
To test this potential atherogenic mechanism more specifi-
cally, one study performed carotid endothelial denudation
in congenic wild-type B-arrestinl /~ and B-arrestin2” mice.
Neointimal hyperplasia was enhanced in B-arrestinl’/ mice
and diminished in B-arrestin2” mice. After carotid injury,
ERK activation and SMC proliferation were increased in
B-arrestinl’/"and decreased in B-arrestin2”/ mice. B-Arrestin2
aggravates atherosclerosis through mechanisms involving
SMC proliferation and migration. The difference between
B-arrestin2 and f-arrestinl is that ERK activation triggered
by the GPCRs for lysophosphatidic acid receptors, thrombin,
and sphingosine-1-phosphate was diminished in B-arrestin2’/"
SMCs but enhanced in p-arrestinl’/~ SMCs.

In cardiac studies, metoprolol, a p1-AR-selective blocker,
increased the expression of fibrotic genes responsible for car-
diac fibrosis in cardiomyocytes. Furthermore, metoprolol
induced the interaction between p1-AR and p-arrestin2, but
not between f1-AR and p-arrestinl. The interaction between

B1-AR and P-arrestin2 by metoprolol was impaired in the
GRK5-knockdown cells™.

These findings identify the inhibition of B-arrestin2 as a
novel therapeutic strategy for combating atherosclerosis
and cardiac fibrosis, but they also show that p-arrestinl and
[-arrestin2 function in the same pathways redundantly, some-
times opposing one another’s function in the pathway.

Myelofibrosis

Chronic myelogenous leukemia (CML) involves the prolifera-
tion of tumors in the bone marrow, and the BCR-ABL1 gene is
responsible for 95% of all diagnosed chronic myeloid leukemia
cases™. In the natural progression of CML, different degrees
of myelofibrosis appear. Mice transplanted with BCR-ABL
displayed symptoms of CML disease onset. Fereshteh et al
found that a loss of 3-arrestin2 preferentially leads to a severe
impairment in the establishment and propagation of the
chronic and blast crisis phases of CML in mice when infected
with BCR-ABL. In vitro, the absence of -arrestin2 preferen-
tially led to significant defects in the function of hematopoietic
stem cells. The loss of B-arrestin2 led to a significant inhibition
of B-catenin stabilization, and ectopic activation of Wnt signal-
ing reversed the defects observed in the B-arrestin2 mutation
cells™.
inhibits B-arrestin2-mediated signaling, to K562 leukemia cells

Delivery of the p-arrestin2-targeting aptamer, which

significantly decreased the p-arrestin2 level, as well as both the
B-catenin and Gli levels. Leukemic cells were then harvested
from the spleens of these animals after disease onset, and once
treated with the B-arrestin2-targeting aptamer, 3-arrestin2-
targeting chimera were able to inhibit the clonogenicity of
these cells. Even more importantly, this inhibitory effect
extended to cells from human leukemia patients. The ability
to target the scaffolding protein p-arrestin2 with RNA aptam-
ers may prove beneficial as a therapeutic strategy!™.

Together, these data show that p-arrestin2 is essential for
leukemic cell propagation in CML disease and indicate that
-arrestin2 and the Wnt/3-catenin pathway lie in a signaling
hierarchy in the context of CML cancer stem cell maintenance.

Multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory demyelin-
ating disease of the central nervous system that manifests
morphologically by inflammation, demyelination, axonal loss
and gliosis®”. Hypertrophy of astrocytes, which constitute
the main cell type in glial scars, was noted as a type of pathol-
ogy of MS. Most central nervous system injury responses are
associated with hypertrophy of resident astrocytes, a process
termed reactive gliosis'™ *..

Ohguro et al™ discovered that sera from MS patients
formed an autoimmune complex with {-arrestinl, while
serum auto-Abs were not detected in patients with other neu-
rological diseases. Forooghian et al'""! demonstrated that MS
patients had a greater prevalence of positive T cell prolifera-
tive responses to (-arrestinl than did healthy controls. Clini-
cal studies have demonstrated that 2-AR is decreased in the
plaque and white matter of MS patients in postmortem brain

Acta Pharmacologica Sinica



www.nature.com/aps
GuYletal

@

1284

sections compared with non-neurologic disease patients. As
B-arrestinl regulates 32-AR internalization and degradation,
increased P-arrestinl expression may result in decreases of

1921 Another clinical

2-AR, reducing its neuroprotective effec
study demonstrated that B-arrestinl expression was increased
in the brains of MS patients and varied inversely with the Al
adenosine receptor (A1AR). A1AR has an anti-inflammatory
effect and protects the brain. Another in vitro study demon-
strated that -arrestinl overexpression downregulated ATAR
expression, and when treated with glucocorticoid, p-arrestinl
decreased and A1AR increased"™. B-Arrestinl may be associ-
ated with the promotion of inflammatory reactions involved

in MS.

Conclusions and perspectives

There are many distinct immunological and molecular
mechanisms that can contribute to the progression of fibrotic
disease. As adaptor proteins and signal transduction pro-
teins, B-arrestins can enhance or repress fibrotic signaling.
However, their exact role still remains to be determined.
Although B-arrestinl and P-arrestin2 exhibit high amino acid
homology and share similar functions in the regulation of
GPCR signaling, they still have distinct functions in the pro-
gression of fibrosis. In most fibrotic diseases, 3-arrestinl and
pB-arrestin2 regulate GPCR-dependent signaling, inhibit NF-«xB
in inflammation, and promote a-SMA and collagen, which
contribute to deposits of ECM. However, in some diseases,
only B-arrestinl or -arrestin2 is involved, and sometimes
B-arrestinl and P-arrestin2 have opposite functions. The
answer to the disparate roles of f-arrestins in fibrosis will
most likely lie in various factors that influence the function of
B-arrestinl and P-arrestin2. The balance between [-arrestin-
mediated G-protein signaling and independent G-protein sig-
naling, and the way in which p-arrestin isoforms regulate the
distinct spatial and temporal activation of signaling proteins
that activate different target proteins, are not yet clear. How-
ever, it is certain that the biological functions of -arrestins
are much more important than initially thought. Therefore,
regulation by B-arrestins is a key step in signal transduction
and could be critical in determining the status of health and
fibrosis. Further studies are warranted to open up avenues of
research related to novel and previous functions of B-arrestins.
Evaluation of the effect of B-arrestinl and p-arrestin2 in differ-
ent cells at different stages of fibrotic diseases may generate a
clearer picture of how these unique proteins change in fibrosis
and promote the development of novel approaches to treat a
variety of fibrotic diseases.
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