
Abstract. – Beta-arrestins are small cytoso-
lic proteins that have been known so far as neg-
ative feedback regulators of G-protein coupled
receptors (GPCRs). This receptor superfamily,
characterized by a heptahelical transmembrane
motif, mediates the signals of a multitude of ex-
tracellular ligands including chemokines, cy-
tokines, hormones and growth factors. Beta-ar-
restins “arrest” the GPCR signaling capability
through its desensitization and internalization.
However, novel roles for these molecules have
emerged and research demonstrates that beta-
arrestins can mediate intracellular signaling in-
dependently of their effects on G-protein stimu-
lation. Acting as scaffolding proteins, they can
lead to the assembly of intracellular signal-
somes that can activate or inhibit the function of
various signaling cascades, such as the MAP ki-
nase, JNK and NF-kappaB cascades, ultimately
affecting gene expression. Finally, they can even
regulate gene transcription by modulating his-
tone acetylation and chromatin assembly. This
pleiotropic activity of beta-arrestins can regulate
both physiologic and pathophysiologic respons-
es and will be reviewed in the context of lung in-
flammatory diseases and lung cancer.
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Introduction

G-protein coupled receptors (GPCRs) repre-
sent the largest and most ubiquitous family of
cell surface receptors (> 1000 members in hu-
mans) and are characterized by the classical
heptahelical motif that spans the cell membrane.
Among them, the β2-adrenergic receptor (β2-
AR) is present on the surface of bronchial
smooth muscle cells and its activation leads to
bronchodilation1. These receptors transduce ex-
tracellular signals into intracellular events via
the activation of the G protein heterotrimeric
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complex. The dissociation of the Ga subunit
from the Gβγ subunit activates cell signaling sys-
tems like the adenylate cyclase, protein kinases,
phospholipases and ion channels which ulti-
mately lead to a physiological response2. The
function of GPCRs is regulated by a group of
small cytosolic proteins called arrestins that me-
diate their desensitization and internalization.
The family of arrestins is comprised of four
molecules, namely arrestins 1 and 4 that are ex-
clusively confined to the cones and rodes of the
retina and arrestins 2 and 3 (β-arrestin 1 and 2
respectively) that are present diffusely in all
mammalian tissues3. Both β-arrestin 1 and β-ar-
restin 2 are responsible for the desensitization
and internalization of the GPCRs through four
discernible steps that involve: (1) The binding
of the respective agonist ligand and the subse-
quent activation of the receptor; (2) the activat-
ed receptor going through a conformational
change that is transmitted to its carboxyl (cy-
tosolic) terminus tail; (3) its phosphorylation by
a specialized kinase that belongs to the family
of G protein-coupled receptor kinases (GPKs,
GPK2 for the β2-AR) that can specifically phos-
phorylate serine and threonine residues of the
cytosolic tail of the agonist-occupied receptor;
and (4) the binding of the β-arrestin molecules
which is responsible for the desensitization and
clathrin-mediated internalization of the
receptor4. The desensitization step renders the
receptor unable to mediate signals to the het-
erotrimeric G protein complex and, thus, termi-
nates G protein activation. The internalization
of the receptor to clathrin-coated pits can lead
to either the recirculation of the receptor back to
the cell membrane via acidified vesicles or its
degradation through trafficking to lysosomes.
Receptors have been classified into two groups
depending on their rate of recycling, with type
A receptors such as the β2-AR recycling more
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rapidly. They are de-phosphorylated, resensi-
tized and returned to the cell surface in about 30
minutes. By contrast, type B receptors recycle
much more slowly and most of the receptors re-
main in endosomes, even after an hour, and are
still associated with β-arrestins5.

Apart from this classical role exhibited by β-
arrestins, more recent research has unveiled new
roles for these molecules. Acting as scaffolding
proteins, they can regulate signaling pathways,
particularly Mitogen-Activated-Protein-Kinase
(MAPK)/Exogenously-Regulated-Kinase (ERK)
and Nuclear Factor-κB (NF-κB) pathways that
are involved in pro-inflammatory gene transcrip-
tion, cell differentiation, proliferation, and apop-
tosis6-8. The internalization step that has long
been thought solely as an inhibitory feedback
mechanism has now emerged as a means of me-
diating signals from the receptor to the nucleus
via a complex array of protein-protein interac-
tions and protein kinase pathways, leading to
gene transcription regulation.

The Role of ββ-arrestins as Desensitization
and Internalization Mediators of 
the ββ2-adrenergic Receptor 

B2-adrenergic agonists represent one of the
mainstays of treatment for those suffering from
asthma and chronic obstructive pulmonary dis-
ease (COPD)9-11. Their continued use has raised
concerns about the development of tachyphylaxis
to their therapeutic effect backed up by evidence
showing asthmatics not sufficiently managed by
beta-agonist therapy, while continuous use of in-
haled beta-agonists has been shown to result in a
loss of their bronchoprotective effect and deterio-
ration of asthma control12,13. One possible mecha-
nism that limits their therapeutic efficiency is the
desensitization of the β2-AR, which has been
shown to occur in numerous cell types after both
acute and chronic exposure to beta-agonists. In
vitro studies conducted in cell lines expressing
recombinant β 2-ARs on their surface have
demonstrated the role GPKs and β-arrestins play
in mediating receptor desensitization14,15. By
binding to the phosphorylated tail of the agonist-
occupied β2-ARs, β-arrestins hinder their interac-
tion with the stimulatory Gs protein and thus “ar-
rest” their signaling function, while their subse-
quent internalization downregulates the number
of expressed β2-ARs on the cell surface. The
overexpression of β-arrestin 1 or β-arrestin 2 in
cultured human airway smooth muscle cells
(ASMs), leads to the desensitization and attenua-

tion of beta-agonist-stimulated signaling16. The
effects of β-arrestin 2 gene ablation were also
studied in both in vivo and ex vivo murine models
of ASM contractile function. In these experi-
ments, ASM cells lacking β-arrestin 2 showed
greater c-AMP accumulation after agonist stimu-
lation17. The desensitization action of β-arrestins
occurs within seconds to minutes after agonist-
receptor binding while the internalization of the
receptor represents a more delayed response15,18.
Among the two β-arrestins, β-arrestin 2 binds
more readily and to a greater extent to the β2-AR
than β-arrestin 1 although their quantitative ef-
fects on β2-AR functional regulation has not been
yet determined due to the fact that knockout of
both β-arrestin genes is lethal19,20. Interestingly,
nitric oxide (NO) which is known to be produced
in greater quantities during chronic inflammatory
lung diseases, such as asthma and COPD, has
been shown to counteract the desensitization and
internalization of β2-AR by decreasing GPK2-
mediated phosphorylation and recruitment of β-
arrestins to the receptor21.

The rate of β2-AR desensitization and internal-
ization could also be governed by the intrinsic ef-
ficacy of the ligand occupying the receptor.
Beta2-agonists represent today the mainstay of
treatment for asthma and COPD9-11. They are
classified according to the duration of their bron-
chodilation effect into short-acting β2-agonists
(SABA) and long-acting β2-agonists (LABA)
(Figure 1). LABA can provide bronchodilation
and protection against provocative stimuli for at
least 12 h after a single dose10. The continued use
of LABA into every day practice for patients suf-
fering from asthma and COPD has raised con-
cerns in relation to their downregulation effect on
β2-ARs, linked to the observation that both of the
asthma mortality epidemics in New Zealand and
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Figure 1. The LABA (Formoterol, Salmeterol) and SABA
(Salbutamol) in use for COPD and asthma.
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action of β-arrestins on GPCRs that function as
chemokine receptors, keeping in line with their
more traditional role. For instance, CCR3, which
represents the main chemokine receptor for
eosinophils, expresses multiple carboxyl-tail ser-
ine/threonine-rich regions which can undergo ag-
onist-induced phosphorylation and are a likely
binding site for β-arrestins32,33. Β-arrestin 2 may
also control the differentiation of naïve T cells
into T helper cells. A study has demonstrated
that β-arrestin 2 is necessary for the T cell anti-
gen receptor-mediated activation of the Ras-
ERK/1/2 pathway, which enhances the IL-4 re-
ceptor signaling and final differentiation of the T
cell into a Th2 cell34.

Non-hematopoietic, lung structural cells like
ASMs, mast cells and epithelial cells also regu-
late AHR through bronchoconstriction and cy-
tokine elaboration. Beta2-ARs functionally reg-
ulate lung structural cells in the context of aller-
gic asthma35. In particular, airway epithelial
MAPK signaling has been found to be impor-
tant in expression of the asthma phenotype in
mice and MAPKs are prominently activated by
β-arrestin 220,36. Additionally, airway epithelial
cells were shown to express significantly more
β 2-AR and symbol-arrestin 2 than airway
smooth muscle cells17. Chimeric mice that could
produce β-arrestin (+/+) hematopoietic cells but
had β-arrestin (-/-) lung structural cells did not
develop AHR, even in the presence of airway
inflammation37. As β-arrestins are responsible
for the desensitization and endocytosis of the
β2-AR, their lack thereof prevents its tachyphy-
laxis and sustains the β2-AR-dependent bron-
chodilation. Lung structural cells are a target
for, and a source of, pro-inflammatory factors
such as cytokines and chemokines that, via au-
tocrine and paracrine actions, actively con-
tribute to and regulate the airway inflammatory
processes and perpetuate AHR38,39. The lack of
β-arrestins negates their effective signaling
through β-arrestin 2-dependent pathways and
prevents, therefore, AHR development.

Another molecule that plays a significant role
in allergic diseases such as asthma is the anaphy-
latoxin C3a, which is produced during bacterial
infection and from IgE/FceRI stimulated human
mast cells40. It has both opsonization and chemo-
tactic properties and plays an important part in
innate immunity41. It induces degranulation of
mast cells through its binding to its receptor
C3aR and subsequent phospholipase C activa-
tion, increasing the intracellular Ca+2 concentra-

the United Kingdom were associated with the
use of high-dose formulations of agonists of high
intrinsic efficacy22,23. The intrinsic efficacy of the
beta-agonist seems to determine the rate of β2-
AR phosphorylation by GPK 2, β -arrestin
translocation to the cell membrane and subse-
quent endocytosis of the receptor. In this matter,
salmeterol induced lower rates of GPK-site β2-
AR phosphorylation and internalization com-
pared to the full agonist epinephrine and the par-
tial agonists albuterol and formoterol24. There-
fore, even the intrinsic properties of the beta-ago-
nist used may determine the rate of β-arrestin re-
cruitment and the rate of downregulation of the
activated receptor.

Beta-arrestins Act as Intracellular 
Signaling Molecules in a G-protein
Independent Manner

Asthma is a chronic inflammatory airway dis-
ease characterized by lung infiltration of
eosinophils, which represent the principal effec-
tor cells, and orchestrated by T helper cells (Th2

cells). The lung elaboration of various
chemokines and cytokines is necessary for the
eventual migration of the inflammatory cells to
the airways25. In a murine model of ovalbumin-
induced asthma, ablation of the β-arrestin 2 gene
resulted in inhibition of inflammatory cell influx
into the allergen-challenged murine airway and
prevented the development of airway hypere-
sponsiveness (AHR)26. In particular, allergen-
sensitized β-arrestin 2 knockout mice displayed
low levels of lung eosinophils and T lymphocytes
and reduced levels of Th2 cytokines, thus pre-
venting the development of allergic asthma, with-
out interfering with innate immunity. The possi-
ble mechanisms mediating this effect could be
due to the scaffolding function of β-arrestins,
linking GPCRs to intracellular signaling path-
ways such as: (1) The p38 MAPK cascade, (2)
the ERK 1/2 cascade and (3) The c-Jun N-termi-
nal Kinase 3 (JNK3) cascade8,27,28. This supposi-
tion is supported by several in vitro reports which
demonstrate that chemotaxis of immune and oth-
er cell types is promoted by β-arrestin-dependent
activation of MAPK signaling pathways29. Apart
from their role in regulating the function of nu-
clear transcription factors, the β -arrestin-
2/MAPK scaffolds are linked preferentially to
the phosphorylation of cytosolic substrates (like
the small GTPase RhoA, described later on)
which can mediate cell chemotaxis30,31. One other
option is the desensitization and internalization
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tion42,43. The degranulation process appears de-
pendent upon β-arrestin 1, while β-arrestin 2 is
responsible for the internalization of the C3aR44.
The internalized β-arrestin 2/C3aR complex is
able to bind to IκBa (nuclear factor of kappa
light polypeptide gene enhancer in B-cells in-
hibitor, alpha) which binds and inactivates NF-
κB, hindering its translocation to the cell nucleus
where it normally induces the expression of cy-
tokine genes. β-arrestins have been shown to in-
hibit or activate NF-κB, depending on the cell
type and receptors utilized44. 

Polymorphonuclear leukocytes (PMNs) are
one of the principal cells involved in COPD,
through their elaboration of cytokines and prote-
olytic enzymes that ultimately lead to increased
inflammation, tissue destruction and remodel-
ing45. The PMN levels are increased in sputum of
normal smokers and they increase even further in
COPD, where they correlate positively with dis-
ease severity45. Their function seems to be inher-
ently regulated by β-arrestin 2 as was demon-
strated in studies involving β-arrestin 2 knockout
mice and wild-type mice. PMN from β-arrestin 2
(-/-) mice demonstrated augmented chemotaxis,
increased expression of adhesion molecules and
greater production of superoxide anion, in com-
parison to PMN derived from wild-type mice46.
As already pointed out, many chemotactic and
pro-inflammatory signals are mediated through
GPCRs and it is plausible that β-arrestins can at-
tenuate these signals through their classical role
as desensitization and internalization mediators
of the GPCRs of chemokines and cytokines. The
aforementioned data contradict the findings pre-
sented in the previous paragraph, concerning the
chemotaxis of lymphocytes and eosinophils,
which indicates that the function of β-arrestins
depends upon the cell studied and the receptor
activated. Through a different mechanism de-
scribed later on, β-arrestins stimulate chemotaxis
by active reorganization of the actin cytoskeleton
and with cell migration being attenuated when β-
arrestin function is abolished by small interfering
(si) β-arrestin RNA. Therefore, β-arrestins mod-
ulate cell migration through different pathways
and GPCRs and, depending on the cell popula-
tion, they can either stimulate or abrogate
chemotaxis.

Angiotensin II (AngII) has emerged as a mole-
cule that has pro-inflammatory and chemotactic
properties, apart from its classical physiological
role as a vasocontrictive agent and inducer of al-
dosterone secretion47,48. Its actions are mediated

via its two receptors AT1R and AT2R, which be-
long to the GPCR superfamily. Acting mainly
through AT1R, it can contribute to the recruit-
ment of inflammatory cells into tissue through
the regulation of adhesion molecules and
chemokines and by directly activating chemo-
taxis for monocytes, T cells and neutrophils49-51.
The possible contribution of AngII and the local-
ly expressed renin-angiotensin-aldosterone
(RAS) systems to both COPD and asthma pro-
gression has been recently reviewed by the Au-
thors52. Apart from its ability to act through G-
protein complex activation, AT1R may also medi-
ate G-protein independent, β-arrestin 2-depen-
dent signaling cascades. An example of the latter
is the Ras-Raf-MEK-ERK 1/2 MAPK cascade
that results in phosphorylation of ERK 1/2,
which leads to its nuclear translocation and to ac-
tive gene transcription53-57. AngII and AT1R stim-
ulate the induction of Regulated upon Activation,
Normal T-cell Expressed and Secreted
(RANTES) cytokine, the potent monocyte
chemoattractant IL-6, Tumor Necrosis Factor-α
(TNF-α) and Macrophage Chemotactic Protein-
1 (MCP-1), through the activation of NF-κB.
Taking into consideration that β-arrestins interact
with IκBa, the inhibitor of NF-κB, they can hin-
der its nuclear translocation and gene expres-
sion58-60. Beta-arrestins can mediate the chemo-
tactic effect of AngII by utilizing a p38 MAPK
cascade or by using small GTPase signaling
pathways, which are important in cell
motility30,61. Arrestins interact with Arf nu-
cleotide binding site opener and Ral guanine nu-
cleotide dissociation stimulator (Ral-GDS), the
guanine nucleotide exchange factors for the
small GTPases Arf6 and Ral, respectively62. In
this regard, β-arrestin 1 mediates the activation
of RhoA by AngII, a GTPase that has been
shown to play an important role in cytoskeletal
structure and cell movement31. Thus, it seems
possible that β-arrestins can induce chemotaxis
in a G-independent fashion through the activation
of cytoplasmic GTPases.

The emerging role of β-arrestins as scaffold-
ing proteins that bind Raf and MEK and stimu-
late the phosphorylation of ERK 1/2, has re-
ceived increasing attention as a signal transduc-
tion cascade in asthma, COPD and cancer.
Specifically, cigarette smoke induces activation
of ERK 1/2 MAPK in in vitro and in vivo exper-
iments of COPD pathogenesis63,64. Nicotine is a
potent inducer of ERK1/2 MAP kinase and an
apoptosis suppressor of neutrophils65. Murine
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asthma models reveal that production of the Th2
cytokines IL-2, IL-13, and IFN-γ in the airways
(as represented by bronchoalveolar [BAL] fluid)
is mediated via MAP kinase signaling, specifi-
cally ERK1/2 and JNK MAP kinases66. In vitro
studies employing the A549 cancer cell line as
well as in vivo studies with rats demonstrated
tobacco smoke-mediated induction of the MEK-
ERK 1/2 MAPK activity, which can trigger pro-
proliferative or pro-inflammatory transcription
factors such as c-fos, c-myc, Activator Protein-
1 (AP-1) and E twenty-six (ETS)-Like tran-
scription factor-1 (Elk-1) that translocate to the
nucleus and enhance gene expression63,67,68. Air
pollution and diesel exhaust particles (DEPs)
has also been associated with respiratory dis-
eases, leading to an increase in mortality69.
DEP-evoked formation of phospho-ERK1/2 and
its subsequent transfer to the nucleus depends
on Ras-Raf-MEK-ERK1/2 MAP kinase signal-
ing and upon the scaffolding action of both β-
arrestins that organize these factors into a sig-
nalsome70. Among the genes activated is the
matrix metalloproteinase-1 (MMP-1), which en-
codes for a zinc endopeptidase that plays a piv-
otal role in tissue remodeling and repair during
development, in inflammation, and in the inva-
sion, migration, and metastasis of malignantly
transformed cells71,72. MMP-1 is involved in air-
way extracellular matrix degradation and patho-
genetically linked to both malignant and non-
malignant chronic respiratory diseases includ-
ing COPD, chronic asthma, pulmonary fibrosis,
emphysema, lung tuberculosis, and bronchial
carcinoma64,69,71-74. The employing of β-arrestin-
specific small interfering RNA (si RNA) led to
reduced levels of phospho-ERK 1/2 and to
down-regulation of MMP-1 transcription and
secretion70. Interestingly, individuals carrying at
least one copy of the –1607GG polymorphism
in the 5’-promoter region of the MMP-1 gene
(60-80% of the population) are more susceptible
to the detrimental effects of DEP and cigarette
smoke inhalation75. This allele is responsible for
a more robust transcriptional activation of the
MMP-1 gene via the Raf-MEK-ERK1/2 MAP
kinase cascade, which is dependent upon both
isoforms of β-arrestin. Topical delivery of β-ar-
restin inhibitors could arrest the MAPK signal-
ing pathway, culminating to attenuated MMP-1
activation and providing a therapeutic benefit
for patients suffering or at risk of developing
respiratory diseases linked to MMP-1 dysregu-
lation. 

Beta-arrestins may also participate in the
pathogenesis of pulmonary fibrosis seen in IPF
or other interstitial lung diseases. In a murine
model of bleomycin-induced pulmonary fibrosis,
β-arrestin 1 and β-arrestin 2 knockout mice were
protected from excessive collagen deposition, ar-
chitectural distortion and reduced lung compli-
ance that are known to occur after bleomycin ad-
ministration76. BETA-arrestin-deficient lung fi-
broblasts revealed decreased expression of genes
involved in extracellular matrix synthesis and de-
position in comparison with wild-type mice,
which included collagen type IV α3, collagen
type V α1, laminin-α1, MMP-1 and a disinte-
grin- like and metallopeptidase with throm-
bospondin type-1 motif 2 (Adamts2). Adamts2 is
a proteinase able to process pro-collagen proteins
to mature collagen and is also important for col-
lagen fibril assembly in the extracellular matrix77.
Interestingly, neutrophil, macrophage and lym-
phocyte recruitment was not affected in β-ar-
restin deficient mice, suggesting that the protec-
tion against fibrosis development was not due to
a defective inflammatory response. By function-
ing as multiprotein scaffolds, β-arrestins activate
the Raf-MEK-ERK 1/2 MAPK signaling cascade
and regulate the transcription of genes involved
in extracellular matrix organization. Loss of β-ar-
restins limits the ability of fibroblasts to deposit
excess collagen and, therefore, their pathogenic
potential76. These findings point to a possible
therapeutic effect of locally delivered β-arrestin
inhibitors for IPF as well as other causes of pul-
monary fibrosis. 

In conclusion, β-arrestins, acting through G-
protein-dependent and G-protein-independent
pathways, can regulate cytoskeletal rearrange-
ment and chemotaxis, cytokine elaboration from
inflammatory cells, the progression to AHR and
airway remodeling, as well as fibroblast activity
and interstitial fibrosis, affecting the whole spec-
trum of obstructive and restrictive diseases of
the lung. 

The Role of ββ-arrestins in 
Oncogenesis, Tumor Cell Invasive
and Metastatic Potential

Tumor cells are characterized by their aberrant
growth characteristics due to loss of the physiologi-
cal cell cycle regulation and by their ability to in-
vade neighboring tissue and ultimately metastasize.
The last two processes depend upon cell migration,
which is a complex function controlled both by the
speed and the directionality of migration that can be
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triggered by external cues (i.e., chemotaxis) or be-
cause of the intrinsic property of cells to migrate
(i.e., intrinsic persistence) that are in turn regulated
by the Rho family of GTPases, integrins, the actin
cytoskeleton, and microtubules78,79.

Transforming growth factor-β (TGF-β) is the
founding member of a superfamily of homod-
imeric polypeptide growth factors that have es-
sential roles in a variety of cellular processes in-
cluding development, growth control, differentia-
tion, migration and apoptosis80-82. The three TGF-
β isoforms that have been so far characterized,
TGF-β1, TGF-β2 and TGF-β3, are encoded by
distinct genes and expressed in both a tissues-
specific and a developmentally regulated manner.
TGF-β isoforms exert their action through bind-
ing to three high-affinity cell surface receptors,
the TGF-β type I (TβRI or ALK5), type II
(TβRII) and type III (TβRIII) receptors83. In con-
trast to TβRI and TβRII, TβRIII, an 849 amino
acid heparan sulfate proteoglycan, functions as a
co-receptor presenting TGF-β superfamily lig-
ands to their respective signaling receptors and
also has the ability to increase or decrease TGF-β
signaling through mechanisms yet to be fully de-
fined84,85. It is worth noting that β-arrestin 2 me-
diates the co-internalization of TβRII and TβRIII
and downregulates TGF-β signaling86.

TβRIII has also been established as a suppres-
sor of cancer progression, since loss of TβRIII
expression has been reported in cancers of the
human kidney, prostate, ovary, pancreas and
lung87-92. Its loss also correlates with disease pro-
gression, advanced stage or grade and a poorer
outcome for patients, while increasing or restor-
ing its expression in these cancer models de-
creases cancer cell motility and invasion in vitro
and angiogenesis, invasion and metastasis in
vivo87-92. Therefore, TβRIII appears to act as a
suppressor of cancer cell motility.

Recent in vitro studies demonstrated that
TβRIII and β-arrestin 2 can regulate cell migra-
tion and gene expression, both essential to tumor
progression. TβRIII binds the scaffolding protein
β-arrestin 2 through discrete motifs in its cyto-
plasmic domain and activates Cell division con-
trol protein 42 (Cdc42)93. Although physiological
activation of Cdc42 usually results in increased
migration, constitutive Cdc42 activation by
TβRIII inhibits migration. If the cells were in-
fected with adenovirus carrying β-arrestin 2-spe-
cific siRNA, TβRIII could no longer activate
Cdc42 and inhibit cell migration93. In terms of
how β-arrestin 2 might be mediating TβRIII-

stimulated Cdc42 activation to regulate the actin
cytoskeleton and migration, β-arrestin 2 might be
directly scaffolding TβRIII to Cdc42 to regulate
its interaction with guanine nucleotide exchange
factors and/or GTPase activating proteins. In ad-
dition, this interaction could be scaffolding
TβRIII with other signaling molecules involved
in cytoskeletal reorganization to promote actin
reorganization29. Beta-arrestin 2 and TβRIII can
also negatively regulate NF-κB signaling, again
acting in a cooperative manner. NF-κB is a
dimeric transcription factor that regulates genes
involved in immune regulation, cell migration,
inflammation and apoptosis and constitutive acti-
vation of NF-κB signaling has been reported in
lung cancer, among others94-97. NF-κB is bound
to its potent inhibitor protein IκB and se-
questered in the cytoplasm. When stimulated by
appropriate extracellular signals, IκB is phospho-
rylated by IκB kinase (IKK), which results in
proteasome-mediated degradation of IκB. Once
disassociated from IκB, NFκB translocates to the
nucleus and activates specific target genes. Beta-
arrestin 2 functions by interacting with IκB and
preventing its phosphorylation by IKK, repress-
ing NF-κB signaling6,7. Since TGF-β possesses
tumor suppressor effects, it is possible that the
TβRIII/β-arrestin 2 axis mediates its action either
by binding and sequestering IκΒ or potentially
by interfering with other yet unknown molecules
of the NF-κB pathway. It is worth noting that
TβRIII and βarrestin-2 can also inhibit NF-κB
signaling even in the absence of TGF-β stimula-
tion98. The protective effect of β-arrestin 2
against tumor progression, via its blockade of
NF-κB activation, was also evident in another
murine model of lung cancer99. Depletion of β-
arrestin 2 resulted in increased expression of
proangiogenic factors like VEGF, thereby pro-
moting tumor growth and angiogenesis. 

Beta-arrestins, acting again as scaffolding pro-
teins, can also play a major role in mediating the
proliferative effects of nicotine on lung cancer
cells. It is well known that cigarette smoking is
by far the main contributor to lung cancer100. It
contains over 60 carcinogens, many of which are
derivatives of nicotine and include molecules like
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) and N′-nitrosonornicotine (NNN)101.
Nicotine exerts its cellular effects through nico-
tinic acetylcholine receptors (nAChRs) that are
present in neuronal as well as in non-neuronal
cells, like bronchial epithelial cells102. It was
found that nicotine and structurally related car-
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cinogens like NNK could induce the proliferation
of a variety of small cell lung carcinoma cell
lines and play a direct role in the growth progres-
sion of human lung cancers103-105. A study con-
ducted in non-small cell lung cancer (NSCLC)
cell lines investigated the intracellular signaling
involved in the nicotine-induced cell proliferation
through the activation of nAChRs106. The pro-
posed mechanism involved the scaffolding action
of β-arrestin 1 and the assembly of an oligomeric
complex comprising the activated nAChR, β-ar-
restin 1 and cellular Src (c-Src) tyrosine kinase,
facilitating the activation of the latter. The c-Src
has well-established roles in the progression of
many different human cancers108,109 and an in-
crease in c-Src protein levels and/or tyrosine ki-
nase activity has been demonstrated to promote
tumor cell metastasis, while inhibition of c-Src
activation leads to decreased tumor cell migra-
tion and invasion. Recent evidence also showed
that nicotine and NNK caused Src activation in
lung cancer cells110,111. The next step implement-
ed after c-Src activation, involved the activation
of the Raf-1 serine/threonine kinase and its bind-
ing to the retinoblastoma (Rb) protein107. The
Raf-1/Rb complex activated MAPK and cyclin D
and cyclin E cascades that in turn recruited pro-
liferative promoters that mediated the final step
in the nicotine mitogenic signaling. Again, trans-
fecting the cells with β-arrestin 1 siRNA com-
pletely abrogated Src activation and Rb-Raf-1 in-
teraction and, therefore, cell proliferation after
nicotine challenge107. It is worth noting that
nicotine has been found to activate the Raf-
MEK-ERK 1/2 pathway in non-neuronal tis-
sues112,113 and that a previous in vitro study had
already demonstrated the role β-arrestin 1/c-Src
complex plays as a mitogenic signal transducer
via the Ras-Raf 1-MEK-ERK 1/2 cascade114.
These data suggest that β-arrestin 1 can play a
central role in mediating the proliferative effects
of nicotine and even explaining in part the
mechanism by which smokers seem to be more
resistant to chemotherapy. 

The β-arrestin 1/c-Src signalsome seems to me-
diate the cell migration effects of prostaglandins
that are produced by many human cancers, and
among them lung cancer115. These molecules are
produced from membrane-expressed arachidonic
acid through the enzymatic action of cyclooxyge-
nase-1 (COX-1) and cyclooxygenase-2 (COX-2).
The COX-2 enzyme synthesis is inducible by cy-
tokines and growth factors and is responsible for
the elevated levels of prostaglandins secreted by

neoplastic cells115. Available clinical data are con-
sistent with a protective effect of COX-2 inhibi-
tion, as it promotes the repression of a variety of
cancer hallmark traits such as angiogenesis and
metastasis116,117. Since the long-term use of non-
steroidal anti-inflammatory drugs (NSAIDS) is as-
sociated with adverse effects118, the molecular sig-
nals downstream of COX-2 needed to be elucidat-
ed in order to target specific steps of the COX-2
cascade. Among the prostaglandins generated by
COX-2, PGE2 is the principal one associated with
cancer119-121. Its actions are mediated through four
receptor subtypes, namely EP1-4, that belong to
the GPCR superfamily. A recent in vitro study em-
ploying A549 lung cancer cells demonstrated the
cell migration effects of PGE2 signaled via its EP4
receptor122. After EP4 activation, β-arrestin 1 is re-
cruited to the cell membrane and serves as a scaf-
fold for c-Src leading to the formation of the β-ar-
restin 1/c-Src signalsome, which demonstrates in-
creased c-Src tyrosine kinase activity. The subse-
quent phosphorylation of other intracellular mole-
cules (i.e. small GTPases like RhoA) could then
promote cell motility and directional migration
through reorganization of the actin cytoskeleton.
The use of short hairpin β-arrestin 2 RNA sup-
pressed tumor cell migration, indicating again that
β-arrestin 2 is essential for PGE2-mediated in-
creased cell motility122.

Another mechanism by which β-arrestins can
mediate chemotaxis and cell migration of tumor
cells is through the activation of a class of recep-
tors that belong to the GPCR superfamily,
named Protein-Activated Receptors (PARs).
Currently, there are four known PARs and they
are named so because they are activated by the
action of serine proteases such as thrombin (acts
on PARs 1, 3 and 4) and trypsin (PAR-2)123.
These enzymes cleave the N-terminus of the re-
ceptor, which in turn acts as a tethered ligand. In
the cleaved state, part of the receptor itself acts
as the agonist, causing a physiological response.
In particular, PAR-2 is highly expressed in neu-
trophils, mast cells, and tumor cells, where it has
been suggested to promote cytoskeletal reorgani-
zation124. The proposed mechanism for PAR-2
stimulated chemotaxis involves the activation of
the receptor, which leads to an increase of the
intracellular concentration of Ca+2, activation of
Protein Kinase C (PKC) and of the GTPase
RhoA. PKC then phosphorylates PAR-2, pro-
moting β-arrestin binding and subsequent inter-
nalization of the receptor into clathrin-coated
pits. This endosome serves as an activating scaf-
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fold for ERK 1/2 which, along with Raf-1 and
other as yet undetermined factors, promotes lo-
calized activation of actin machinery, resulting
in actin assembly and cell migration125. From a
biomedical perspective, there is substantial evi-
dence linking the PAR-2/β-arrestin 2 interaction
to wound healing and tumor metastasis suggest-
ing that PAR-2-induced, β-arrestin-dependent
chemotaxis has both protective and pathophysio-
logical roles126,127.

Data from a recent study conducted in NSCLC
patients demonstrated that β-arrestin 2 could also
serve as a serum marker with prognostic implica-
tions. The serum levels of β-arrestin 2 in NSCLC
patients were significantly lower than those in
healthy controls while, among the cohort of
NSCLC patients, β-arrestin 2 levels were higher
among those in stage I than those in stage III or
IV. Accordingly, among NSCLC patients, the
prognosis was more favorable for those with
higher serum levels of β-arrestin 2128.

Finally, a special function of β-arrestin 1 de-
serves mention. Upon GPCR stimulation, β-ar-
restin 1 can directly translocate to the nucleus and
alter gene expression by modifying the histone
acetylation status. It is well known that transcrip-
tion of a particular gene is dependent on the de-
gree of histone acetylation in close proximity to
this gene, especially within its promoter region.
This is regulated by the opposing action of two
enzymes that ultimately affect the level of acety-
lation of histones, namely histone acetyltrans-
ferase (HAT), which acetylates histones leading
to the unwinding of chromatin and transcription
of the target genes, and histone deacetylase
(HDAC) that cleaves acetyl-groups and leads to
chromatin packing and gene silencing129,130. Two
possible mechanisms could be involved in β-ar-
restin 1-mediated histone hyperacetylation. Beta-
arrestin 1 may function as a HAT activa-
tor/recruiter to increase HAT activity in the target-
ed chromatin regions. Alternatively, β-arrestin 1
may inhibit HDAC activity or the binding of
HDAC proteins to the chromatin. The available
data gathered so far point to an enhanced recruit-
ment of HAT to chromatin mediated by β-arrestin
1, through a β-arrestin 1-dependent recruitment of
a HAT co-factor named p300131. Therefore, β-ar-
restins can also act as scaffolding proteins in the
nucleus, where they serve to recruit transcription
factors like p300 in order to regulate gene expres-
sion. Apart from p300, cAMP Response Element
Binding (CREB) is also required for β-arrestin 1
mediated gene transcription. CREB is activated

through a PKA-mediated phosphorylation. As a
simple reminder, we refer to the activation of
PKA by cAMP, the product of adenylate cyclase
which is stimulated by GPCRs and their associat-
ed G proteins. 

We already presented data showing that nico-
tine, via its nAChRs, can recruit β-arrestins and
affect intracellular signaling. In addition, in vit-
ro studies have demonstrated a cigarette smoke
extract-mediated decrease in HDAC activity and
that HDAC activity inversely correlated with
COPD severity132-134. Its reduced activity is
thought to contribute to disease pathogenesis
via enhanced inflammatory cytokine produc-
tion. Moreover, cigarette smoke increased in-
trinsic HAT activity through phosphorylation by
either p38 MAPK or JNK pathways, known to
be controlled by β-arrestins132. Thus, β-arrestin
1-dependent epigenetic regulation links a vast
number of extracellular stimuli to the interior of
the cell, plays a vital role in regulation of vari-
ous cellular functions and reveals that such
events are subjected to direct regulation by the
GPCRs.

Conclusions

Beta-arrestins were long known to be regula-
tors of GPCR function and specifically to act as
negative feedback molecules of their action. Re-
cent data demonstrate that the internalized recep-
tor in its endosome position can still function as
a mediator of intracellular signals. This is accom-
plished by the scaffolding action of β-arrestins
and their ability to form oligomeric complexes,
consisting of the internalized GPCR and other in-
tracellular molecules.

Apart from the G-protein-dependent signaling,
there are a number of actions that are mediated
via G-protein-independent pathways. The ERK
1/2 MAPK, JNK3 and NF-κB signaling cascades
are modulated by the scaffolding action of β-ar-
restins and thus physiological and pathophysio-
logical responses like wound healing, inflamma-
tion, cell death and apoptosis, tumor invasion and
metastasis can be regulated. Therefore, targeting
β-arrestins with local inhibitors could serve as
contributory therapy in both inflammatory lung
diseases and cancer.

The receptor-β-Arrestin interactions and their
consequences are presented in Table I. Figure 2
presents the intracellular pathways recruited after
GPCR activation.
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Receptor Signaling pathway Action

Classical GPCRs
β2-AR, AT1R, EP1-4, PARs G protein (Gs, Gi, Gq) Signaling termination through: 

Desensitization
Internalization

ERK 1/2 Scaffolding action and signalsome 
p38 MAPK formation. Affects: 
JNK3 • Cell proliferation
c-Src family • Chemotaxis (i.e. small 
HAT/HDAC activity GTPase phosphorylation)
(nuclear trans-location of • Gene expression (cytokines, growth
β-arrestin 1) factors, chemokines, extracellular

matrix proteins, peptidases etc.)
Cytokine receptors
TβRIII (TGF-β receptor) NF-κB • Inhibition of NF-κB-dependent 

Cdc42/GTPases (IκB sequestration)
• TGF-β signaling down-regulation
• Regulation of actin cytoskeleton

reorganization
Ion channel receptors
nAChRs β-arrestin 1/c-Src signalsome • Mitogenesis

Ras-Raf 1-MEK-ERK 1/2
Raf-1/Rb

Table I. The receptors known to interact with β-arrestins, their combined actions and the intracellular signaling pathways modulated. 

Figure 2. The intracellular signaling pathways coupled to the GPCRs.



1790

References

1) PIERCE KL, PREMONT RT, LEFKOWITZ RJ. Seven-trans-
membrane receptors. Nat Rev Mol Cell Biol 2002;
3: 639-650.

2) DRAKE MT, SHENOY SK, LEFKOWITZ RJ. Trafficking of G
protein-coupled receptors. Circulation research
2006; 99: 570-582.

3) PIERCE KL, LEFKOWITZ RJ. Classical and new roles of
beta-arrestins in the regulation of G-protein-cou-
pled receptors. Nat Rev Neurosci 2001; 2: 727-
733.

4) CLAING A, LAPORTE SA, CARON MG, LEFKOWITZ RJ. En-
docytosis of G protein-coupled receptors: roles of
G protein-coupled receptor kinases and beta-ar-
restin proteins. Prog Neurobiol 2002; 66: 61-79.

5) OAKLEY RH, LAPORTE SA, HOLT JA, CARON MG, BARAK

LS. Differential affinities of visual arrestin, βar-
restin1, and βarrestin2 for GPCRs delineate two
major classes of receptors. J Biol Chem 2000;
275: 17201-17210

6) GAO H, SUN Y, WU Y, LUAN B, WANG Y, QU B, PEI G.
Identification of beta-arrestin2 as a G protein-cou-
pled receptor-stimulated regulator of NF-kappaB
pathways. Mol Cell 2004; 14: 303-317.

7) WITHEROW DS, GARRISON TR, MILLER WE, LEFKOWITZ

RJ. Beta-Arrestin inhibits NF-kappaB activity by
means of its interaction with the NF-kappaB in-
hibitor IkappaBalpha. Proc Natl Acad Sci USA
2004; 101: 8603-8607.

8) LUTTRELL LM, ROUDABUSH FL, CHOY EW, MILLER WE,
FIELD ME, PIERCE KL, LEFKOWITZ RJ. Activation and
targeting of extracellular signal-regulated kinases
by β-arrestin scaffolds. Proc Natl Acad Sci USA
2001; 98: 2449-2454.

9) GUYATT GH, TOWNSEND M, PUGSLEY SO, KELLER JL,
SHORT HD, TAYLOR DW, NEWHOUSE MT. Bronchodila-
tors in chronic air-flow limitation. Effects on airway
function, exercise capacity, and quality of life. Am
Rev Respir Dis 1987; 135: 1069-1074.

10) MOORE RH, KHAN A, DICKEY BF. Long-acting inhaled
β2-agonists in asthma therapy. Chest 1998;113:
1095-1108.

11) MAHLER DA, DONOHUE JF, BARBEE RA, GOLDMAN MD,
GROSS NJ, WISNIEWSKI ME, YANCEY SW, ZAKES BA,
RICKARD KA, ANDERSON WH. Efficacy of salmeterol
xinafoate in the treatment of COPD. Chest 1999 ;
115: 957-965.

12) NELSON HS, WEISS ST, BLEECKER ER, YANCEY SW,
DORINSKY PM. The Salmeterol Multicenter Asthma
Research Trial: a comparison of usual pharma-
cotherapy for asthma or usual pharmacotherapy
plus Salmeterol. Chest 2006; 129: 15-26. 

13) SALPETER SR, BUCKLEY NS, ORMISTON TM, SALPETER EE.
Meta-analysis: effect of long-acting β-agonists on
severe asthma exacerbations and asthma-related
deaths. Ann Intern Med 2006; 144: 904-912.

14) DESHPANDE DA, PENN RB. Targeting G protein-cou-
pled receptor signaling in asthma. Cell Signal.
2006; 182: 2105-2120.

15) LUTTRELL LM, LEFKOWITZ RJ. The role of beta-ar-
restins in the termination and transduction of G-
protein-coupled receptor signals. J Cell Sci 2002;
115: 455-454.

16) PENN RB, PASCUAL RM, KIM YM, MUNDELL SJ, KRYM-
SKAYA VP, PANETTIERI JR, RA, BENOVIC JL. Arrestin
specificity for G protein-coupled receptors in hu-
man airway smooth muscle. J. Biol. Chem. 2001;
276: 32648-32656.

17) DESHPANDE DA, THERIOT BS, PENN RB, WALKER JKL.
Beta-Arrestins specifically constrain β2-adrener-
gic receptor signaling and function in airway
smooth muscle. FASEB J 2008; 22: 2134-2141.

18) SHENOY SK, LEFKOWITZ RJ. Trafficking patterns of be-
ta-arrestin and G protein-coupled receptors deter-
mined by the kinetics of beta -arrestin deubiquiti-
nation. J Biol Chem 2003; 278: 14498-14506.

19) OAKLEY RH, LAPORTE SA, HOLT JA, CARON MG, BARAK

LS. Differential affinities of visual arrestin, beta ar-
restin1 and beta arrestin2 for G protein-coupled
receptors delineate two major classes of recep-
tors. J Biol Chem 2000; 275: 17201-17210.

20) DEWIRE SM, AHN S, LEFKOWITZ RJ, SHENOY SK. Beta-
arrestins and cell signaling. Annu Rev Physiol
2007; 69: 483-510.

21) WHALEN EJ, FOSTER MW, MATSUMOTO A, OZAWA K, VI-
OLIN JD, QUE LG, NELSON CD, BENHAR M, KEYS JR,
ROCKMAN HA, KOCH WJ, DAAKA Y, LEFKOWITZ RJ,
STAMLER JS. Regulation of beta-adrenergic receptor
signaling by S-nitrosylation of G-protein-coupled
receptor kinase 2. Cell 2007; 129: 511-522.

22) BEASLEY R, PEARCE N, CRANE J, BURGESS C. Beta-ago-
nists: what is the evidence that their use increas-
es the risk of asthma morbidity and mortality? J
Allergy Clin Immunol 1999; 104: 18-S30.

23) SEARS MR, TAYLOR DR, PRINT CG, LAKE DC, LI Q,
FLANNERY EM, YATES DM, LUCAS MK, HERBISON GP.
Regular inhaled β-agonist treatment in bronchial
asthma. Lancet 1990; 336: 1391-1396.

24) MOORE RH, MILLMAN EE, GODINES V, HANANIA NA,
TRAN TM, PENG H, DICKEY BF, KNOLL BJ, CLARK RB.
Salmeterol stimulation dissociates beta2-adrener-
gic receptor phosphorylation and internalization.
Am J Respir Cell Mol Biol 2007; 36: 254-261.

25) LARCHÉ M, ROBINSON DS, KAY AB. The role of T lym-
phocytes in the pathogenesis of asthma. J Allergy
Clin Immunol 2003; 111: 450-463.

26) WALKER JKL, FONG AM, LAWSON BL, SAVOV JD, PATEL

DD, SCHWARTZ DA, LEFKOWITZ RJ. Beta-arrestin-2
regulates the development of allergic asthma. J
Clin Invest 2003; 112: 566-574.

27) MCDONALD PH, CHOW CW, MILLER WE, LAPORTE SA,
FIELD ME, LIN FT, DAVIS RJ, LEFKOWITZ RJ. Beta-ar-
restin 2: a receptor-regulated MAPK scaffold for
the activation of JNK3. Science 2000; 290: 1574-
1577.

28) DEFEA KA, ZALEVSKY J, THOMA MS, DÉRY O, MULLINS

RD, BUNNETT NW. beta-arrestin-dependent endo-
cytosis of proteinase-activated receptor 2 is re-
quired for intracellular targeting of activated
ERK1/2. J Cell Biol 2000; 148: 1267-1281.

A. Kaparianos, E. Argyropoulou, K. Spiropoulos



29) DEFEA KA. Stop that cell! β-arrestin-dependent
chemotaxis: a tale of localized actin assembly
and receptor desensitization. Annu Rev Physiol
2007; 69: 535-560.

30) BARNES WG, REITER E, VIOLIN JD, REN XR, MILLIGAN

G, LEFKOWITZ RJ. beta-Arrestin 1 and Galphaq/11
coordinately activate RhoA and stress fiber for-
mation following receptor stimulation. J Biol Chem
2005; 280: 8041-8050.

31) CLAING A, CHEN W, MILLER WE, VITALE N, MOSS J,
PREMONT RT, AND LEFKOWITZ RJ. Beta-Arrestin-medi-
ated ADP-ribosylation factor 6 activation and β2-
adrenergic receptor endocytosis. J Biol Chem
2001; 276: 42509-42513.

32) LEFKOWITZ RJ, RAJAGOPAL K, WHALEN EJ. New roles
for [beta]-arrestins in cell signaling: Not just for
seven-transmembrane receptors. Molecular Cell
2006; 24: 643-652.

33) SABROE I, JORRITSMA A, STUBBS V, XANTHOU G, JOPLING

L, PONATH P, WILLIAMS T, MURPHY P, PEASE J. The car-
boxyl terminus of the chemokine receptor CCR3
contains distinct domains which regulate chemo-
tactic signaling and receptor down-regulation in a
ligand-dependent manner. European Journal of
Immunology 2005; 35: 1301-1310.

34) YAMASHITA M, KIMURA M, KUBO M, SHIMIZU C, TADA T,
PERLMUTTER RM, NAKAYAMA T. T cell antigen recep-
tor-mediated activation of the Ras/mitogen-acti-
vated protein kinase pathway controls interleukin
4 receptor function and type-2 helper T cell differ-
entiation. Proc.Natl. Acad. Sci. U. S. A. 1999; 96:
1024-1029.

35) TLIBA O, PANETTIERI RA JR. Noncontractile functions
of airway smooth muscle cells in asthma. Annu
Rev Physiol 2009; 71: 509-535.

36) LEE PJ, ZHANG X, SHAN P, MA B, LEE CG, HOMER RJ,
ZHU Z, RINCON M, MOSSMAN BT, ELIAS JA. ERK1/2
mitogen-activated protein kinase selectively me-
diates IL-13-induced lung inflammation and re-
modeling in vivo. J Clin Invest 2006; 116: 163-
173.

37) HOLLINGSWORTH JW, THERIOT BS, LI Z, LAWSON BL,
SUNDAY M, SCHWARTZ DA, WALKER JK . Both
hematopoietic-derived and non-hematopoietic-
derived {beta}-arrestin-2 regulates murine allergic
airway disease. Am J Respir Cell Mol Biol 2010;
43: 269-275.

38) CHUNG KF. Airway smooth muscle cells: contribut-
ing to and regulating airway mucosal inflamma-
tion? Eur Respir J. 2000; 15: 961-968.

39) WANG Y, BAI C, LI K, ADLER KB, WANG X. Role of air-
way epithelial cells in development of asthma and
allergic rhinitis. Respiratory Medicine 2008; 102:
949-955.

40) FUKUOKA Y, XIA HZ, SANCHEZ-MUÑOZ LB, DELLINGER

AL, ESCRIBANO L, SCHWARTZ LB. Generation of ana-
phylatoxins by human beta-tryptase from C3, C4,
and C5. J Immunol 2008; 180: 6307-6316.

41) HUMBLES AA LU B NILSSON CA LILLY C, ISRAEL E. A role
for the C3a anaphylatoxin receptor in the effector
phase of asthma. Nature 2000; 406: 998-1001.

42) VENKATESHA RT, BERLA THANGAM E, ZAIDI AK, ALI H.
Distinct regulation of C3a-induced MCP-1/CCL2
and RANTES/CCL5 production in human mast
cells by extracellular signal regulated kinase and
PI3 kinase. Mol Immunol 2005; 42: 581-587.

43) AHAMED J, HARIBABU B, ALI H. Cutting edge: Differ-
ential regulation of chemoattractant receptor-in-
duced degranulation and chemokine production
by receptor phosphorylation. J Immunol 2001;
167: 3559-3563.

44) VIBHUTI A, GUPTA K, SUBRAMANIAN H, GUO Q, ALI H.
Distinct and shared roles of β-arrestin-1 and β-ar-
restin-2 on the regulation of C3a receptor signal-
ing in human mast cells. PLoS One 2011; 6:
e19585.

45) BARNES PJ, SHAPIRO SD, PAUWELS RA. Chronic ob-
structive pulmonary disease: molecular and cellu-
lar mechanisms. Eur Respir J 2003; 22: 672-688.

46) BASHER F, FAN H, ZINGARELLI B, BORG KT, LUTTRELL LM,
TEMPEL GE, HALUSHKA PV, COOK JA. Beta-arrestin 2:
a negative regulator of inflammatory responses in
polymorphonuclear leukocytes. Int J Clin Exp
Med 2008; 1: 32-34.

47) TOUYZ RM, SCHIFFRIN EL. Signal transduction mech-
anisms mediating the physiological and patho-
physiological actions of angiotensin II in vascular
smooth muscle cells. Pharmacol Rev 2000; 52:
639-672.

48) DE GASPARO M, CATT KJ, INAGAMI T, WRIGHT JW,
UNGER T. International union of pharmacology.
XXIII. The angiotensin II receptors. Pharmacol
Rev 2000; 52: 415-472.

49) SUZUKI Y, RUIZ-ORTEGA M, LORENZO O, RUPEREZ M, ES-
TEBAN V, EGIDO J. Inflammation and angiotensin II.
Int J Biochem Cell Biol 2003; 35: 881-900.

50) PHILLIPS MI, KAGIYAMA S. Angiotensin II as a pro-in-
flammatory mediator. Curr Opin Investig Drugs
2002; 3:569-577

51) RIAZ AA, WANG Y, SCHRAMM R, SATO T, MENGER MD,
JEPPSSON B, THORLACIUS H. Role of angiotensin II in
ischemia/reperfusion-induced leukocyte-endothe-
lium interactions in the colon. FASEB J 2004; 18:
881-883.

52) KAPARIANOS A, ARGYROPOULOU E. Local renin-an-
giotensin II systems, angiotensin-converting en-
zyme and its homologue ACE2: Their potential
role in the pathogenesis of chronic obstructive
pulmonary diseases, pulmonary hypertension
and acute respiratory distress Syndrome. Curr
Med Chem 2011; 18: 3506-3515.

53) WEI H, AHN S, SHENOY SK, KARNIK SS, HUNYADY L,
LUTTRELL LM, LEFKOWITZ RJ. Independent β-arrestin
2 and G protein-mediated pathways for an-
giotensin II activation of extracellular signal-regu-
lated kinases 1 and 2. Proc Natl Acad Sci USA
2003; 100: 10782-10787.

54) HANSEN JL, THEILADE J, HAUNSO S, SHEIKH SP.
Oligomerization of wild type and nonfunctional
mutant angiotensin II type I receptors inhibits gal-
phaq protein signaling but not ERK activation. J
Biol Chem 2004; 279: 24108-24115.

1791

The role of β-arrestins in respiratory diseases



1792

55) HINES J, FLUHARTY SJ, YEE DK. Structural determinants
for the activation mechanism of the angiotensin II
type 1 receptor differ for phosphoinositide hydroly-
sis and mitogen-activated protein kinase pathways.
Biochem Pharmacol 2003; 66: 251-262.

56) AHN S, SHENOY SK, WEI H, LEFKOWITZ RJ. Differential
kinetic and spatial patterns of beta-arrestin and G
protein-mediated ERK activation by the an-
giotensin II receptor. J Biol Chem 2004a; 279:
35518-35525.

57) AHN S, WEI H, GARRISON TR, LEFKOWITZ RJ. Reciprocal
regulation of angiotensin receptor-activated extracel-
lular signal-regulated kinases by β-arrestins 1 and 2.
J Biol Chem 2004b; 279: 7807-7811.

58) WOLF G, SCHNEIDER A, HELMCHEN UM, STAHL RAK.
AT1-receptor antagonists abolish glomerular
MCP-1 expression in a model of mesangial prolif-
erative glomerulonephritis. Exp Nephrol 1998; 6:
112-120.

59) CHEN XL, TUMMALA PE, OLBRYCH MT. Angiotensin II
induces monocyte chemoattractant protein-1
gene expression in rat vascular smooth muscle
cells. Circ Res 1998; 83: 952-959.

60) WOLF G, ZIYADEH FN, THAISS F. Angiotensin II stimu-
lates expression of the chemokine RANTES in rat
glomerular endothelial cells. Role of the an-
giotensin type 2 receptor. J Clin Invest 1997; 100:
1047-1058.

61) HUNTON DL, BARNES WG, KIM J, REN XR, VIOLIN JD,
REITER E, MILLIGAN G, PATEL DD, LEFKOWITZ RJ. Beta-
arrestin 2-dependent angiotensin II type 1A re-
ceptor-mediated pathway of chemotaxis. Mol
Pharmacol 2005; 67: 1229-1236.

62) BHATTACHARYA M, ANBORGH PH, BABWAH AV, DALE LB,
DOBRANSKY T, BENOVIC JL, FELDMAN RD, VERDI JM,
RYLETT RJ, FERGUSON SS. Beta-Arrestins regulate a
Ral-GDS Ral effector pathway that mediates cy-
toskeletal reorganization. Nat Cell Biol 2002; 4:
547-555.

63) CHANG WC, LEE YC, LIU CL, HSU JD, WANG HC,
CHEN CC, WANG CJ. Increased expression of iNOS
and c-fos via regulation of protein tyrosine phos-
phorylation and MEK1/ERK2 proteins in terminal
bronchiole lesions in the lungs of rats exposed to
cigarette smoke. Arch Toxicol 2001; 75: 28-35.

64) MERCER BA, KOLESNIKOVA N, SONETT J, D'ARMIENTO J.
Extracellular regulated kinase/mitogen activated
protein kinase is up-regulated in pulmonary em-
physema and mediates matrix metalloproteinase-
1 induction by cigarette smoke. J Biol Chem
2004; 279: 17690-17696.

65) AOSHIBA K, NAGAI A, YASUI S, KONNO K. Nicotine pro-
longs neutrophil survival by suppressing apopto-
sis. J Lab Clin Med 1996; 127: 186-194.

66) CHIALDA L, ZHANG M, BRUNE K, PAHL A. Inhibitors of mi-
togen-activated protein kinases differentially regu-
late co-stimulated T cell cytokine production and
mouse airway eosinophilia. Respir Res 2005; 6: 36.

67) HELLERMANN GR, NAGY SB, KONG X, LOCKEY RF, MO-
HAPATRA SS. Mechanism of cigarette smoke con-
densate-induced acute inflammatory response in

human bronchial epithelial cells. Respir Res
2002; 3: 22.

68) PUDDICOMBE SM, DAVIES DE. The role of MAP kinas-
es in intracellular signal transduction in bronchial
epithelium. Clin Exp Allergy 2000; 30: 7-11.

69) BAYRAM H, ITO K, ISSA R, ITO M, SUKKAR M, CHUNG KF.
Regulation of human lung epithelial cell numbers
by diesel exhaust particles. Eur Respir J 2006;
27: 705-713.

70) LI J, GHIO AJ, CHO SH, BRINCKERHOFF CE, SIMON SA,
LIEDTKE W. Diesel exhaust particles activate the
matr ix-metalloproteinase-1 gene in human
bronchial epithelia in a beta-arrestin-dependent
manner via activation of RAS. Environ Health Per-
spect 2009; 117: 400-409.

71) BOIRE A, COVIC L, AGARWAL A, JACQUES S, SHERIFI S,
KULIOPULOS A. PAR1 is a matrix metalloprotease-1
receptor that promotes invasion and tumorigenesis
of breast cancer cells. Cell 2005; 120: 303-313.

72) ISHII Y, OGURA T, TATEMICHI M, FUJISAWA H, OTSUKA F, ES-
UMI H. Induction of matrix metalloproteinase gene
transcription by nitric oxide and mechanisms of
MMP-1 gene induction in human melanoma cell
lines. Int J Cancer 2003; 103: 161-168.

73) ELKINGTON PT, NUTTALL RK, BOYLE JJ, O'KANE CM,
HORNCASTLE DE, EDWARDS DR, FRIEDLAND JS. Mycobac-
terium tuberculosis, but not vaccine BCG, specifi-
cally upregulates matrix metalloproteinase-1. Am J
Respir Crit Care Med. 2005; 172: 1596-1604.

74) MERCER B, BRINCKERHOFF C, D’ARMIENTO J. Activation
of the MMP-1 promoter by cigarette smoke in hu-
man small airway epithelial cells requires ERK
MAP kinase signaling: differential response of the
1G and 2G promoter sequences. Proc Am Tho-
racic Soc 2006; 3: 477.

75) FUJIMOTO T, PARRY S, URBANEK M, SAMMEL M, MA-
CONES G, KUIVANIEMI H, ROMERO R, STRAUSS JF 3RD. A
single nucleotide polymorphism in the matrix met-
alloproteinase-1 (MMP-1) promoter influences
amnion cell MMP-1 expression and risk for
preterm premature rupture of the fetal mem-
branes. J Biol Chem 2002; 277: 6296-6302.

76) LOVGREN AK, KOVACS JJ, XIE T, POTTS EN, LI Y, FOSTER

WM, LIANG J, MELTZER EB, JIANG D, LEFKOWITZ RJ,
NOBLE PW. β-arrestin deficiency protects against
pulmonary fibrosis in mice and prevents fibroblast
invasion of extracellular matrix. Sci Transl Med
2011; 3: 74ra23.

77) TANG BL, HONG W. ADAMTS: a novel family of pro-
teases with an ADAM protease domain and
thrombospondin 1 repeats. FEBS Lett 1999; 445:
223-225.

78) NOBES CD, HALL A. Rho GTPases control polarity,
protrusion, and adhesion during cell movement. J
Cell Biol 1999; 144: 1235-1244.

79) WEINER OD. Regulation of cell polarity during eu-
karyotic chemotaxis: The chemotactic compass.
Curr Opin Cell Biol 2002; 14: 196-202.

80) BIERIE B, MOSES HL. Tumour microenvironment:
TGFbeta: the molecular Jekyll and Hyde of can-
cer. Nat Rev Cancer 2006; 6: 506-520.

A. Kaparianos, E. Argyropoulou, K. Spiropoulos



81) GORDON KJ, BLOBE GC. Role of transforming
growth factor-beta superfamily signaling pathways
in human disease. Biochim Biophys Acta 2008;
1782: 197-228.

82) KIRKBRIDE KC, RAY BN, BLOBE GC. Cell-surface co-
receptors: emerging roles in signaling and human
disease. Trends Biochem Sci 2005; 30: 611-621.

83) PIEK E, HELDIN CH, TEN DIJKE P. Specificity, diversity,
and regulation in TGF-beta superfamily signaling.
FASEB J 1999; 13: 2105-2124.

84) LOPEZ-CASILLAS F, WRANA JL, MASSAGUE J. Betaglycan
presents ligand to the TGF-beta signaling recep-
tor. Cell 1993; 73: 1435-1444.

85) LÓPEZ-CASILLAS F, CHEIFETZ S, DOODY J, ANDRES JL,
LANE WS, MASSAGUÉ J. Structure and expression of
the membrane proteoglycan betaglycan, a com-
ponent of the TGF-beta receptor system. Cell
1991; 15: 785-795.

86) CHEN W, KIRKBRIDE KC, HOW T, NELSON CD, MO J,
FREDERICK JP, WANG XF, LEFKOWITZ RJ, BLOBE GC. Be-
ta-arrestin 2 mediates endocytosis of type III
TGF-beta receptor and down-regulation of its sig-
naling. Science 2003; 30: 1394-1397.

87) COPLAND JA, LUXON BA, AJANI L, MAITY T, CAMPAG-
NARO E, GUO H, LEGRAND SN, TAMBOLI P, WOOD CG.
Genomic profiling identifies alterations in TGFbe-
ta signaling through loss of TGFbeta receptor ex-
pression in human renal cell carcinogenesis and
progression. Oncogene 2003; 22: 8053-8062.

88) DONG M, HOW T, KIRKBRIDE KC, GORDON KJ, LEE JD,
HEMPEL N, KELLY P, MOELLER BJ, MARKS JR, BLOBE GC.
The type III TGF-beta receptor suppresses breast
cancer progression. J Clin Invest 2007; 117: 206-
217.

89) TURLEY RS, FINGER EC, HEMPEL N, HOW T, FIELDS TA,
BLOBE GC. The type III transforming growth factor-
beta receptor as a novel tumor suppressor gene in
prostate cancer. Cancer Res 2007; 67: 1090-1098.

90) HEMPEL N, HOW T, DONG M, MURPHY SK, FIELDS TA,
BLOBE GC. Loss of betaglycan expression in ovari-
an cancer: role in motility and invasion. Cancer
Res 2007; 67: 5231-5238.

91) GORDON KJ, DONG M, CHISLOCK EM, FIELDS TA,
BLOBE GC. Loss of type III transforming growth
factor beta receptor expression increases motility
and invasiveness associated with epithelial to
mesenchymal transition during pancreatic cancer
progression. Carcinogenesis 2008; 29: 252-262.

92) FINGER EC, TURLEY RS, DONG M, HOW T, FIELDS TA,
BLOBE GC. TbetaRIII suppresses non-small cell
lung cancer invasiveness and tumorigenicity. Car-
cinogenesis 2008; 29: 528-535.

93) MYTHREYE K, BLOBE GC. The type III TGF-beta re-
ceptor regulates epithelial and cancer cell migra-
tion through beta-arrestin2-mediated activation of
Cdc42. Proc Natl Acad Sci U S A 2009; 106:
8221-8226.

94) MUKHOPADHYAY T, ROTH JA, MAXWELL SA. Altered ex-
pression of the p50 subunit of the NF-kappa B
transcription factor complex in non-small cell lung
carcinoma. Oncogene 1995; 11: 999-1003.

95) WANG W, ABBRUZZESE JL, EVANS DB, LARRY L, CLEARY

KR, CHIAO PJ. The nuclear factor-kappa B RelA
transcription factor is constitutively activated in
human pancreatic adenocarcinoma cells. Clin
Cancer Res 1999; 5: 119-127.

96) SUH J, PAYVANDI F, EDELSTEIN LC, AMENTA PS, ZONG

WX, GÉLINAS C, RABSON AB. Mechanisms of con-
stitutive NF-kappaB activation in human prostate
cancer cells. Prostate 2002; 52: 183-200.

97) SOVAK MA, BELLAS RE, KIM DW, ZANIESKI GJ, ROGERS

AE, TRAISH AM, SONENSHEIN GE. Aberrant nuclear fac-
tor-kappaB/Rel expression and the pathogenesis
of breast cancer. J Clin Invest 1997; 100: 2952-
2960.

98) YOU HJ, HOW T, BLOBE GC. The type III transform-
ing growth factor-beta receptor negatively regu-
lates nuclear factor kappa B signaling through its
interaction with beta-arrestin 2. Carcinogenesis
2009; 30: 1281-1287.

99) RAGHUWANSHI SK, NASSER MW, CHEN X, STRIETER RM,
RICHARDSON RM. Depletion of beta-arrestin-2 pro-
motes tumor growth and angiogenesis in a
murine model of lung cancer. J Immunol 2008;
180: 5699-5706.

100) BIESALSKI HK, BUENO DE MESQUITA B, CHESSON A,
CHYTIL F, GRIMBLE R, HERMUS RJ, KÖHRLE J, LOTAN R,
NORPOTH K, PASTORINO U, THURNHAM D. European
Consensus Statement on Lung Cancer: risk fac-
tors and prevention. Lung Cancer Panel. CA
Cancer J Clin 1998; 48: 167-176.

101) SCHULLER HM, ORLOFF M. Tobacco-specific car-
cinogenic nitrosamines. Ligands for nicotinic
acetylcholine receptors in human lung cancer
cells. Biochem Pharmacol 1998; 55: 1377-1384.

102) WESSLER I, KIRKPATRICK CJ, RACKÉ K. Non-neuronal
acetylcholine, a locally acting molecule, widely dis-
tributed in biological systems: expression and func-
tion in humans. Pharmacol Ther 1998; 77: 59-79.

103) MINNA JD. Nicotine exposure and bronchial ep-
ithelial cell nicotinic acetylcholine receptor ex-
pression in the pathogenesis of lung cancer. J
Clin Invest 2003; 111: 31-33.

104) CATTANEO MG, D’ATRI F, VICENTINI LM. Mechanisms
of mitogen-activated protein kinase activation by
nicotine in small-cell lung carcinoma cells.
Biochem J 1997; 328: 499-503.

105) MANACKJEE R, MINNA JD. Opioid and nicotine re-
ceptors affect growth regulation of human lung
cancer cell lines. Proc Natl Acad Sci USA 1990;
87: 3294-3298.

106) CHU M, GUO J, CHEN CY. Long-term exposure to
nicotine, via ras pathway, induces cyclin D1 to
stimulate G1 cell cycle transition. J Biol Chem
2005; 280: 6369-6379.

107) DASGUPTA P, RASTOGI S, PILLAI S, ORDONEZ-ERCAN D,
MORRIS M, HAURA E, CHELLAPPAN S. Nicotine in-
duces cell proliferation by beta-arrestin-mediated
activation of Src and Rb-Raf-1 pathways. J Clin
Invest 2006; 116: 2208-2217.

108) IRBY RB, YEATMAN TJ. Role of Src expression and
activation in human cancer. Oncogene 2000; 19:
5636-5642.

1793

The role of β-arrestins in respiratory diseases



1794

109) WHEELER DL, IIDA M, DUNN EF. The role of Src in
solid tumors. Oncologist 2009; 14: 667-678.

110) XU L, DENG X. Protein kinase Ciota promotes
nicotine-induced migration and invasion of
cancer cells via phosphorylation of micro- and
m-calpains. J. Biol. Chem. 2005; 281: 4457-
4466.

111) CHARPANTIER E, WIESNER A, HUH KH, OGIER R, HO-
DA JC, ALLAMAN G, RAGGENBASS M, FEUERBACH D,
BERTRAND D, FUHRER C. Alpha7 neuronal nico-
tinic acetylcholine receptors are negatively
regulated by tyrosine phosphorylation and
Src-family kinases. J Neurosci 2005; 25: 9836-
9849.

112) JULL BA, PLUMMER HK 3RD, SCHULLER HM. Nicotinic
receptor-mediated activation by tobacco-specific
nitrosamine NNK of a Raf-1/MAPkinase path-
way, resulting in phosphorylation of c-myc in hu-
man small cell lung carcinoma and pulmonary
neuroendocrine cells. J Cancer Res Clin Oncol
2001; 127: 707-717.

113) CHU M, GUO J, CHEN CY. Long-term exposure to
nicotine, via ras pathway, induces cyclin D1 to
stimulate G1 cell cycle transition. J Biol Chem
2005; 280: 6369-6379.

114) LUTTRELL LM, FERGUSON SS, DAAKA Y, MILLER WE,
MAUDSLEY S, DELLA ROCCA GJ, LIN F, KAWAKATSU H,
OWADA K, LUTTRELL DK, CARON MG, LEFKOWITZ RJ.
Beta-arrestin-dependent formation of beta2
adrenergic receptor-Src protein kinase complex-
es. Science. 1999; 283: 655-661.

115) WANG MT, HONN KV, NIE D. Cyclooxygenases,
prostanoids, and tumor progression. Cancer
Metastasis Rev 2007; 26: 525-534.

116) ARBER N. Cyclooxygenase-2 inhibitors in colorec-
tal cancer prevention. Cancer Epidemiol Bio-
markers Prev 2008; 17: 1852-1857.

117) ARBER N, EAGLE CJ, SPICAK J, RÁCZ I, DITE P, HAJER J,
ZAVORAL M, LECHUGA MJ, GERLETTI P, TANG J, ROSEN-
STEIN RB, MACDONALD K, BHADRA P, FOWLER R,
WITTES J, ZAUBER AG, SOLOMON SD, LEVIN B; PRESAP
TRIAL INVESTIGATORS. Celecoxib for the prevention of
colorectal adenomatous polyps. N Engl J Med
2006; 355: 885-895.

118) FITZGERALD GA. Coxibs and cardiovascular dis-
ease. N Engl J Med 2004; 351: 1709-1711.

119) ZHENG Y, RITZENTHALER JD, SUN X, ROMAN J, HAN S.
Prostaglandin E2 stimulates human lung carci-
noma cell growth through induction of integrin-
linked kinase: The involvement of EP4 and Sp1.
Cancer Res 2009; 69: 896-904.

120) ALAA M, SUZUKI M, YOSHINO M, et al. Prostaglandin
E2 receptor 2 overexpression in squamous cell
carcinoma of the lung correlates with p16INK4A
methylation and an unfavorable prognosis. Int J
Oncol 2009; 34: 805-812.

121) YOSHIMATSU K, ALTORKI NK, GOLIJANIN D, ZHANG F,
JAKOBSSON PJ, DANNENBERG AJ, SUBBARAMAIAH K. In-
ducible prostaglandin E synthase is overex-

pressed in non-small cell lung cancer. Clin Can-
cer Res 2001; 7: 2669-2674.

122) KIM JI, LAKSHMIKANTHAN V, FRILOT N, DAAKA Y.
Prostaglandin E2 promotes lung cancer cell mi-
gration via EP4-betaArrestin1-c-Src signalsome.
Mol Cancer Res 2010; 8: 569-577.

123) COUGHLIN SR, CAMERER E. PARticipation in inflam-
mation. J Clin Invest 2003; 111: 25-27.

124) KAMATH L, MEYDANI A, FOSS F, KULIOPULOS A. Signal-
ing from protease-activated receptor-1 inhibits
migration and invasion of breast cancer cells.
Cancer Res 2001; 61: 5933-5940.

125) GE L, LY Y, HOLLENBERG M, DEFEA K. A beta-ar-
restin-dependent scaffold is associated with pro-
longed MAPK activation in pseudopodia during
protease-activated receptor-2-induced chemo-
taxis. J Biol Chem 2003; 278: 34418-34426.

126) COCKS TM, FONG B, CHOW JM, ANDERSON GP, FRAU-
MAN AG, GOLDIE RG, HENRY PJ, CARR MJ, HAMILTON

JR, MOFFATT JD. A protective role for protease-ac-
tivated receptors in the airways. Nature 1999;
398: 156-160.

127) MACFARLANE SR, SEATTER MJ, KANKE T, HUNTER GD,
PLEVIN R. Proteinase-activated receptors. Phar-
macol Rev 2001; 53: 245-282.

128) WU Z, TONG W, TAN Z, WANG S, LIN P. The clinical
significance of β-arrestin 2 expression in the
serum of non-small cell lung cancer Patients.
Zhongguo Fei Ai Za Zhi 2011; 14: 497-501.

129) FRY CJ, PETERSON CL. Transcription. Unlocking the
gates to gene expression. Science 2002; 295:
1847-1848.

130) VERMAAK D, AHMAD K, HENIKOFF S. Maintenance of
chromatin states: an open-and-shut case. Curr
Opin Cell Biol 2003; 15: 266-274.

131) KANG J, SHI Y, XIANG B, QU B, SU W, ZHU M, ZHANG

M, BAO G, WANG F, ZHANG X, YANG R, FAN F, CHEN

X, PEI G, MA L. A nuclear function of beta-ar-
restin1 in GPCR signaling: regulation of histone
acetylation and gene transcription. Cell 2005;
123: 833-847.

132) KAWASAKI H, SCHILTZ L, CHIU R, ITAKURA K, TAIRA K,
NAKATANI Y, YOKOYAMA KK. ATF-2 has intrinsic his-
tone acetyltransferase activity which is modulat-
ed by phosphorylation. Nature 2000; 405: 195-
200.

133) MOODIE FM, MARWICK JA, ANDERSON CS, SZULAKOWS-
KI P, BISWAS SK, BAUTER MR, KILTY I, RAHMAN I. Ox-
idative stress and cigarette smoke alter chro-
matin remodeling but differentially regulate NF-
kappaB activation and proinflammatory cytokine
release in alveolar epithelial cells. FASEB J
2004; 18: 1897-1899.

134) ITO K, ITO M, ELLIOTT WM, COSIO B, CARAMORI G,
KON OM, BARCZYK A, HAYASHI S, ADCOCK IM, HOGG

JC, BARNES PJ. Decreased histone deacetylase
activity in chronic obstructive pulmonary dis-
ease. N Engl J Med 2005; 352: 1967-1976.

A. Kaparianos, E. Argyropoulou, K. Spiropoulos


