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G protein-coupled receptor (GPCR) kinase 2 (GRK2) is an integrative node in many
signaling network cascades. Emerging evidence indicates that GRK2 can interact with a
large number of GPCRs and non-GPCR substrates in both kinase-dependent and
-independent modes. Some of these pathways are associated with endothelial cell (EC)
activity. The active state of ECs is a pivotal factor in angiogenesis. The occurrence and
development of some inflammation-related diseases are accompanied by pathological
angiogenesis, but there remains a lack of effective targeted treatments. Alterations in the
expression and/or localization of GRK2 have been identified in several types of diseases
and have been demonstrated to regulate the angiogenesis process in these diseases.
GRK2 as a target may be a promising candidate for anti-angiogenesis therapy.
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INTRODUCTION

G protein-coupled receptor (GPCR) kinases (GRKSs) can specifically recognize and phosphorylate
agonist-activated GPCRs that follow B-arrestin binding, leading to the uncoupling of heterotrimeric
G proteins and receptor desensitization (1). Both GRKs and -arrestin can interact with a variety of
cellular proteins involved in signal transduction, thus promoting signal propagation upon GPCR
activation. In addition, GRKs are signaling mediators that are independent of both G protein- and
B-arrestin-mediated pathways by phosphorylating and/or interacting with other non-GPCR
proteins, including receptor tyrosine kinases (RTKs) and a large number of cytosolic or nuclear
signaling components of pathways related to multifarious physiological and physiopathological
processes (2, 3).

So far, seven GRKs (GRK1-GRK?7) have been found in mammals and all GRK isoforms share
similar domains (4). However, these isoforms show differential expression patterns and functions
(5). GRK?2, one of the most studied GRKs, is expressed ubiquitously throughout the body and is
emerging as a key node in multiple signal transduction pathways, displaying a very complex
interactome. GRK2 knockout mice are embryonic lethal, while knockout mice for other GRKs are
born and grow normally (6). GRK2 can affect the behavior of a variety of cells, including endothelial
cells (ECs), through diverse pathways.

Angiogenesis, which is different from vasculogenesis, refers to the formation of new blood vessels
from pre-existing blood vessel (7). In vertebrates, angiogenesis is common in various complex
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physiological and pathological conditions. This process involves
a number of signaling cascades that can induce cell activation,
and EC activation and migration are essential components (8-
10). Excessive angiogenesis is often a key factor in the occurrence
and progression of inflammation-related diseases, such as cancer
and rheumatoid arthritis (RA). Thus, anti-angiogenic therapy
has become a promising approach for these diseases in the last 20
years (11, 12). However, there are still unresolved questions that
need further research in this field including its potential targets
and predictive biomarkers, use in different types or different
stages of disease and potential mechanisms of drug resistance
(13, 14).

In this review, we discuss the recently reported regulation
modes of GRK2 in EC activity, with emphasis on the underlying
contribution of this kinase in pathological angiogenesis and
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relevant disease progression (Figure 1). These findings suggest
that GRK2 may be a potential target for anti-angiogenic therapy.

CANONICAL ROLES OF GRK2

GRK2, a ubiquitous member of the GRK family, plays a
fundamental role in GRK family proteins (15). The GRK
family is a subfamily of AGC (protein kinase A (PKA)/G/C-
like) kinases originally defined as inhibitors of GPCR signaling
which depend on G proteins, and appear to play a
comprehensive regulatory role in signal transduction cascades
(16). Upon G proteins binding, GPCRs which constitute the
largest family of membrane receptors and are involved in a wide
variety of physiological or physiopathological regulation, activate
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FIGURE 1 | Schematic of GRK2 signaling pathways regulating endothelial cell activity, angiogenesis, and related disease progression. On the one hand, GPCRs and
non-GPCRs binding with agonists can activate Smad?2/3 signal and PIBK/AKT signaling pathway, resulting in downregulation of GRK2 expression level. Reduced
GRK2 expression level reduces GPCR desensitization and the inhibition of non-GPCRs. On the other hand, PGE2 activates the EP4/AC/cAMP/PKA pathway, which
mediates GRK2 translocation to the cell membrane, resulting in the reduction of ERK inhibition. In different disease conditions, the decreased GRK2 expression or
the increased GRK2 translocation may improve the activity of endothelial cells, and thus promote angiogenesis and disease progression. VEGF, vascular endothelial
growth factor; TGF, transforming growth factor B; VEGFR2, vascular endothelial growth factor receptor 2; ALKS, TGF-B type | receptor ALK5 (activin receptor-like
kinase 5); S1P, sphingosine 1 phosphate; S1PR1, sphingosine 1 phosphate receptor 1; BoAR, Bo-adrenergic receptor; CXCR2, chemokine (C-X-C motif) receptor 2;
PGE2, prostaglandin E2; EP4, prostaglandin E2 receptor 4; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; cAMP, cyclic adenosine monophosphate; PKA,
Protein Kinase A; ERK, extracellular regulated protein kinases; memb, membrane; cyt, cytoplasm.
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downstream signaling pathways through their coupled Gou
subunits. Meanwhile, G proteins activate downstream targets
by converting GDP to GTP in response to GPCR conformational
changes. GRKs, together with the cytosolic protein B-arrestin,
can participate in the regulatory processes of GPCRs by coupling
to heterotrimeric G proteins. In particular, ligand-bound GPCRs
are specifically phosphorylated by GRKs, and this process leads
to the recruitment to phosphorylated receptors of B-arrestin and
the inhibition of further G protein activation by causing
uncoupling from G proteins, a procedure known as
GPCR desensitization.

In addition to the inhibitory role of GRKs/B-arrestin in GPCR
signaling, B-arrestin acts as a scaffold protein for several
endocytosis adaptors and signaling mediators (2, 17). B-
arrestin-bound GPCRs are targeted for endocytosis, which
leads to dephosphorylation, re-sensitization and eventual
receptor return to the plasma membrane, thus triggering
receptor internalization, recycling and the modulation of
additional signaling cascades by GPCRs (18). In other words,
GPCR desensitization regulated by GRKs can induce GPCRs to
participate in G-protein independent signaling cascades that
contribute to signal propagation at defined cellular locations
upon GPCR activation. However, the molecular mechanism of
this event has not yet been fully elucidated. GRKs are believed to
be important in B-arrestin-biased signaling, because GRKs are
able to promote high-affinity binding of B-arrestin to GPCRs.
There are also studies that suggest that different phosphorylation
patterns may directly affect 3-arrestin-dependent functions, but
this still needs to be further explored (19). Therefore, GPCR
activation may promote either G-coupled proteins, [B-arrestin
signaling, or both. GRK-mediated B-arrestin recruitment is
critical for triggering the regulation of multiple intracellular
signaling cascades by GPCRs, a process that controls the
balance between the G protein- and [-arrestin-dependent
GPCR signaling cascades.

As an important bridge of intra- and extracellular signal
transduction, GPCR signals participate in angiogenesis in
pathological conditions, such as ischemic and inflammatory
diseases. For instance, a variety of GPCRs and their ligands are
involved in tumor angiogenesis, such as angiotensin (Ang) II
type I receptor/AngllI in breast cancer, sphingosine-1-phosphate
receptor 1 (S1PR1)/sphingosine-1-phosphate (S1P) in
lymphangiogenesis, CXCR4/CXCL12 in prostate cancer, and
CXCR7/CXCLI12 in human hepatocellular carcinoma cells (20).
However, whether GRK2 participates in these GPCR signaling
pathways and angiogenesis remains to be verified.

GRK2 HAS MULTIPLE PHYSIOLOGICAL
REGULATORY FUNCTIONS BY BINDING
TO NON-GPCR SUBSTRATES

The role of GRKs in signaling transduction is not limited to the
promotion of B-arrestin binding to activated GPCRs. In addition
to the canonical roles mentioned above, GRK2, as a common
GRK isoform, can initiate noncanonical signaling pathways and

participate in the regulation of cell behaviors (cell proliferation,
cell differentiation, cell migration, and cell cycle) and related
physiological and physiopathological processes by
phosphorylating and/or interacting with non-GPCR proteins
(2, 21-23). Non-GPCR proteins include single-transmembrane
receptors, cytosolic proteins, and nuclear proteins.

Although GRKs display kinase activity, GRKs can also
interact with intracellular proteins and modulate downstream
signaling pathways in a kinase activity-dependent and
-independent manner. In phosphorylation-dependent
processes, GRK2 can regulate signaling mediated by other
membrane receptor families, except for GPCRs, including
RTKs for epidermal growth factor receptor (EGFR) (24) or
platelet-derived growth factor receptor (PDGFR) (25). Early
evidence of GRK2 as an RTK signaling modulator was based
on the observation that the activation of EGFR ligand promotes
the translocation of GRK2 to the plasma membrane, thus
initiating the internalization of EGFR. GRK2 overexpression
can also regulate the signal transduction ability of EGFR in
promoting the activation of extracellular regulated protein kinase
(ERK)/MAPK via phosphorylation (26). The catalytic activity of
PDGEFR is dependent on the inhibitory activity of GRK2 (27).
Moreover, GRK2 also phosphorylates a large number of non-
GPCRs: non-plasma membrane receptor substrates, such as p38
MAPK, AKT, histone deacetylase 6 (HDACS6), and insulin
receptor substrate (IRS)-1; transcriptional modulators, such as
Smad2/3; the calcium-binding protein, such as downstream
regulatory element antagonist modulator (DREAM); and
cytoskeletal proteins, such as tubulin or ezrin (4, 28).

GRK2 may also contribute to the modulation of cellular
responses in a phosphorylation-independent manner as a
result of its ability to interact with a plethora of proteins
involved in signaling and trafficking, including G protein
subunits, such as Goq and GPy; intracellular proteins, such as
phosphoinositide 3 kinase (PI3K), MEK, RalA GTPase, GRK
interacting protein-1 (GIT-1) and adenomatous polyposis coli
(APC) protein; or key players in stress response and survival as
murine double minute 2 (Mdm?2) (3, 29). These proteins directly
interact with GRK2 without phosphorylation and cause various
signal cascades and physiological effects. Specifically, the
interaction of GRK2 with PI3Kgamma may facilitate PI3K
recruitment to the membrane, thus contributing to receptor
endocytosis and desensitization (30). The interaction of GRK2/
MEK may be important for modulating the chemokine induction
of MAPK activation (31). The interaction between GRK2 and
GIT-1 may be important for the modulation of cell migration in
epithelial cells. These complex GRK2 interactions prove that
GRK2 lies at the crossroads of complex signaling pathways and
regulation of cellular behavior.

GRK2 ATTENDS THE MODULATION OF
ENDOTHELIAL CELL ACTIVITY

Recent evidence suggests that GRK2 plays an important role in
the activity of various cells by interacting with multiple proteins
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such as p38 MAPK, MEK, AKT, ezrin, PI3Kgamma, GIT-1 and
type 1 insulin-like growth factor receptor (IGF1R) (21, 32).
GRK2 phosphorylates manifold chemokine receptors such as
CCR5, CCR2b, CXCR4, and CXCR2, as well as chemotactic
receptors for substance P, SIP, and formyl-peptide, which is in
charge of leukocyte trafficking to the inflammatory foci, T-cell
egression from lymphoid organs, and leukocyte activation and
proliferation (33). In addition, in epithelial cell lines/fibroblasts,
integrins promote sphingosine kinase stimulation leading to
paracrine/autocrine activation of S1P receptors, which recruit
GRK2 to the plasma membrane and interact with GIT-1. This
process can enhance tyrosine phosphorylation of GRK2 and
decrease upon phosphorylation by ERK at S670, which activates
the Rac/PAK/MEK/ERK cascade and promotes cell
migration (34).

GRK2 can also repress the serum-, insulin-like growth factor
1 (IGF1)-, angiotensin (Ang)II-, tumor necrosis factor (TNF) o-
or PDGF-induced proliferation and migration of thyroid cancer
cell lines (35), human hepatocellular carcinoma cells (32, 36) and
smooth muscle cells (27, 28), respectively. For instance, in
human hepatocellular carcinoma cell lines (HCCLM3 and
HepG2), overexpression of GRK2 inhibits IGFIR signaling
activation, the activation of PI3K/AKT and MEK/ERK
pathways, and the expression of early growth response protein
1 (EGR1), which results in the suppression of proliferation and
migration of cells. However, most of these mechanisms require
further exploration.

Regulation of EC behaviors is similar to that of other cells, but
possesses a specific set of receptors and ligands to orchestrate
these distinct aspects of this process including proliferation,
migration, invasion, and permeability (37, 38). In sinusoidal
ECs, increased expression of GRK2 interacts with many
molecules, which inhibit NO production and further induce
portal hypertension (39). There is an increasing number of
studies showing that signaling pathways related to GRK2 are
involved in common vascular EC activity, especially proliferation
and migration, in both kinase-dependent and -independent
functions as summarized in the following sections. In this
regard, we discussed the potential influence of GRK2
endothelial expression level or localization on cell activity.

Changes in GRK2 Expression Level Impact
Endothelial Cell Activity

The AKT pathway is implicated in vascular endothelial growth
factor (VEGF)-A-dependent EC function, including cell survival,
proliferation, and generation of nitric oxide, via the VEGF receptor-
2/PI3K/AKT-PKB axis (40, 41). Interestingly, the expression level of
GRK?2 in ECs may also be a crucial factor in regulating cell activity
through its inhibitory effect on AKT-related signaling pathways
upon distinct stimuli. Ex vivo data in murine lung ECs (MLECs)
show that GRK2 downregulation enhances signaling to both AKT
and ERK cascades under the stimulation of VEGF and S1P, leading
to increased EC migration activity (42). Another study that
supports the above result showed that downregulation of GRK2
with shRNAs in human umbilical vein ECs (HUVECs) was
sufficient to increase the phosphorylated AKT level (43).

Furthermore, overexpression of GRK2 increased the amount of
GRK2-immunoprecipiated AKT and reduced the levels of activated
AKT and CXCR2 in HUVECs. In addition, EC function can be
inhibited by GRK2/AKT-dependent [3,-adrenergic receptor (,AR)
dysfunctional signaling (44). In bovine aortic ECs (BAECs), GRK2
overexpression induced a marked increase in p-f3,AR levels and its
subsequent desensitization, and further induced impairment of
both cell migration and proliferation. At the molecular level, the
deleterious effects of GRK2 on EC function were suggested by the
levels of receptor phosphorylation and reduced AKT and
eNOS activation.

Thus, these observations implied that the GRK2/AKT
interaction mediates EC migration and other activities in vivo.
The GRK2 expression level may be a negatively regulating factor
of EC activity according to the above study results. However, the
effect of GRK2 on cell migration is dependent on the cell type,
and involves its dynamic interaction with a variety of cellular
proteins, leading to differential networks of interaction of GRK2
with cell migration-related signalosomes. Whether these
mechanisms apply to other cell types or conditions requires
further investigation.

Besides the AKT-related axis, the impact of the GRK2
expression level on EC function is involved in other cytokines
and pathways. Knockdown of GRK2 in MLEC results in aberrant
endothelial secretion of platelet-derived growth factor (PDGF)-
BB and chemokine (C-X-C motif) ligand 12 (CXCL12) (42).
PDGEF-BB can bind to PDGFR-B on pericytes and through the
stimulation of endothelial production of the pericyte
chemoattractant CXCL12, which is responsible for the
recruitment of pericytes. This study also showed that
macrophage migration was further promoted in the
conditioned medium of MLECs isolated from Tie2Cre-Grk2™"
mice compared with that in WT MLECs, likely related to the
increased basal secretion of CXCL12 and other macrophage
regulatory and chemoattractant factors such as granulocyte-
macrophage colony stimulating factor (GM-CSF) and Factor-
II. In addition, GRK2 levels in ECs can modulate TGF-3
signaling by controlling ALK1 and ALK5 receptors. GRK2
downregulation restored the ALK5/p-Smad2/3 signaling
pathway and inhibited the ALK1/p-smad1/4 signaling pathway.
This effect contributes to the imbalance in TGF-§ signaling
toward the ALK5 route rather than the ALKI route. All these
results mentioned above prove that GRK2 expression level is an
important modulator of EC activity, as GRK2 has crosstalk with
complex up- and downstream interactions in this process.

Changes in GRK2 Localization Impact
Endothelial Cell Activity

In addition to the expression level, the localization in the
membrane (memb) or cytoplasm (cyt) of GRK2 is another
critical factor that determines which proteins at a particular
location GKR2 interacts with, and eventually influences GPCR
signaling and desensitization (15). HUVEC proliferation,
migration, and tube formation in vitro can be increased by
prostaglandin E2 (PGE2)-bound PGE2 receptor 4 (EP4), which
promotes GRK2 translocation to the cell membrane (45). In this
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process, constitutive phosphorylation by protein kinase A (PKA)
leads GRK2 to associate with the EP4 receptor and maintain
persistent EP4 receptor desensitization. At the molecular level,
inhibition of EP4, cyclic adenosine monophosphate (cAMP),
PKA or GRK2 significantly blocks the PGE2-dependent increase
in the expression of ERK1/2, memb GRK2 and cyt EP4;
upregulates the expression of memb EP4 and cyt GRK2; but
does not affect GRK2 mRNA expression, a process that inhibits
the association of GRK2 and EP4 and increases the association of
cyt GRK2 and ERK1/2. These results suggest that PGE2-induced
EC activation may occur through the EP4/AC/cAMP/PKA
pathway, which mediates GRK2 translocation to the cell
membrane, not the GRK2 mRNA expression level, and the
reduction of the inhibitory effect of GRK2 on ERK1/2. ERK1/2
can phosphorylate GRK2 on Ser670, inhibiting kinase
translocation and catalytic activity towards receptor membrane
substrates (34), which may help to maintain the above process.
Besides the EP4/AC/cAMP/PKA axis, CXCLI12 can also improve
HUVEC function by increasing GRK2 translocation, preventing
the inhibitory effect of GRK2 on ERK1/2 in the cytoplasm, and
stimulating ERK1/2 phosphorylation (46).

Overall, these studies suggest that changes in GRK2 expression
and/or localization taking place in ECs may alter GPCRs- or non-
GPCRs-involved signaling through a variety of mechanisms,
eventually activating or inactivating ECs. EC activation,
especially migration, is an essential component of angiogenesis
(10, 47). EC migration is regulated directionally by chemotactic,
haptotactic, and mechanotactic stimuli and further involves
degradation of the extracellular matrix to drive the progression
of migrating cells. GRK2 downregulation in ECs causes defective
tube formation on Matrigel in mice (42). Therefore, we considered
whether GRK2 has an effect on angiogenesis under pathological
conditions and further affects disease progression.

GRK2 MEDIATES THE REGULATION OF
ANGIOGENESIS IN PATHOLOGICAL
CONDITIONS

Angiogenesis is a precisely regulated biological event that
generates new blood vessels from existing vasculature (8).

Under physiological conditions, this process occurs during
embryonic development (48), pregnancy, and through the
ovarian cycle, but angiogenesis can also be reactivated in a
variety of pathological conditions, including cancer (49-51),
RA (52-54), ischemia (55, 56) and wound healing (57). The
expression and function of GRK2 is tightly modulated, and its
level and functionality are altered in several pathological
situations (58-60). These changes contribute to EC activation
and further angiogenesis in some pathologies, which has been
preliminarily proven (Table 1).

GRK2 in Tumor Angiogenesis

Tumor angiogenesis is a hallmark of cancer and plays an
essential role in tumor initiation, progression, and metastasis
(63, 64). Microvascular density, architecture, and maturity are
important factors affecting tumorigenesis and progression.
Abnormal vascularization, characterized by hyperplasia,
tortuosity, and leakage, has been suggested to lead to excessive
hypoxia, which, in turn, can drive tumor cells to acquire stronger
growth and invasive capabilities (65, 66). According to the
analysis of clinical samples and in vivo experiments in mice,
GRK2 plays a key role in regulating angiogenesis in a variety
of tumors.

In different human breast cancer samples, deficiency of GRK2
staining is predominantly associated with intratumoral vessels, as
approximately 60% of vessels exhibit only low or no signals for
GRK2, while vessels in the normal tissue surrounding the tumor
core have a higher expression of GRK2 protein (42). This
indicates that GRK2 expression is suppressed during tumoral,
but not normal, angiogenesis, suggesting that GRK2
downregulation could serve as a novel marker for pathological
vasculature. Data analysis in the above studies were from
different breast carcinoma tumor samples; however, the
classification of these breast carcinoma samples was not
described in detail. In view of GRK2 upregulation in luminal
breast cancer cell lines, in spontaneous tumors in mice, and in
some patients with invasive ductal carcinoma (61), confirming
the expression levels of GRK2 in perivascular cells and ECs will
contribute to clarifying the mechanism by which GRK2 regulates
angiogenesis in different types of breast cancer.

In the B16F10 melanoma model, accelerated tumor
progression occurs upon GRK2 downregulation, along with

TABLE 1 | Correlation between GRK2 expression and translocation to pathological angiogenesis.

Diseases Samples sources GRK2 GRK2 Angiogenesis process Related mechanisms
expression translocation
Breast cancer Patient (42) Down ND Promoted -
Cell line (61) Up ND - HDACB6/Pin1 axis
AKT/ERK cascades
Melanoma Mouse (42) Down ND Promoted Macrophage infiltration
Kaposi's sarcoma Mouse (62) Down ND Promoted Increased expression of essential angiogenesis-related genes
Rheumatoid arthritis ~ Patient (45) Up ND Promoted -
Rat (45) Up To cell membrane  Promoted EP4/AC/cAMP/PKA-mediated
ERK1/2 activation
Limb ischemia Rat (44) Up ND Inhibited BAR-desensitization/down-regulation

ND, not determined.
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immature tumor vessel architecture, increased vessel perimeter,
and tortuosity compared with that in wild-type (WT) mice (42).
Furthermore, compared with WT animals, tumor vessels
growing in endothelial GRK2 knockdown mice were less
covered by pericytes, and the microenvironment of these
tumors also exhibited a marked increase in hypoxia,
adrenomedullin, and higher infiltration of macrophages. GRK2
is involved in T cell infiltration (67), while the results of previous
studies suggest that GRK2 may be involved in macrophage
infiltration in the tumor microenvironment. Tumor-associated
macrophages are divided into two types (M1 and M2
macrophages), which play distinct roles in tumor angiogenesis
(68=70). Thus, further studies are needed to elucidate the
potential role of GRK2 in tumor angiogenesis by regulating
macrophage infiltration.

Kaposi’s sarcoma (KS), the most common tumor type in
patients with acquired immune deficiency syndrome, is a highly
disseminated angiogenic tumor of ECs linked to infection by KS-
associated herpesvirus (KSHV) (71). KS is histologically
characterized by an excessively dense and abnormal
morphology of blood vessels and vast inflammatory infiltration
(72). In a KS mouse model, knockdown of GRK2 not only
markedly enhanced KSHV-induced angiogenesis, but also
increased the transcriptional expression levels of essential
angiogenesis-related genes (43). In contrast, overexpression of
GRK2 in BC3 cells impaired the angiogenic capability of KSHV
in an in vivo Matrigel plug assay (62). In general, studies relating
to these three types of tumors suggest that the downregulation of
GRK2 is closely related to abnormal angiogenesis in the
tumor microenvironment.

GRK2 in Pannus of Rheumatoid Arthritis
Pannus is the key event and characteristic pathological feature
of RA causing joint destruction, and angiogenesis is a critical
factor in the development of pannus, and is considered
to facilitate hypoxia and extravasation of inflammatory
leukocytes, responsible for maintaining the inflammatory
condition (53, 73). Based on in vivo trials in collagen-induced
arthritis (CIA) rats, EP4/AC/cAMP/PKA-mediated GRK2
translocation to the cell membrane and the inhibition of
GRK2 by ERK1/2 has been shown to be involved in the
regulation of PGE2-dependent proangiogenic processes (45).
Moreover, compared with normal synovial tissues (STs),
abundant GRK2 protein expression levels, vascular branches,
and pannus formation were increased in the STs of patients
with RA and in CIA rats. Accordingly, GRK2 upregulation and
localization towards the cell membrane may both play a crucial
role in the mediation of pathological angiogenesis in
RA. Although a suppression of GRK2 protein expression
(~55%) and kinase activity was found in peripheral blood
mononuclear cells (PBMCs) in patients with RA compared
with healthy subjects (74), the translocation of GRK2
in PBMCs and the expression pattern of GRK2 in the
pathological areas of joints are of great significance to elucidate
the mechanism by which GRK2 regulates angiogenesis and needs
further study.

GRK2 in Limb Ischemia

Pathological ischemia leads to increased sympathetic
catecholamine levels, which can further cause B,AR signaling
dysfunction in ECs, resulting in an insufficient angiogenesis
response and loss of vascular tissue integrity and/or function
(75, 76). In a rat hind limb ischemia model, ischemia induces the
upregulation of GRK2 protein levels in skeletal muscle. This
event appears to be critical in the process of revascularization of
the ischemic hind limbs as it is closely associated with BAR-
desensitization/down-regulation, while BARKct gene therapy
and subsequent GRK2 inhibition promote angiogenesis in this
model (44). These results suggest that GRK2 expression level
may negatively regulate angiogenesis in ischemic limb models.

GRK2 as a Target for
Anti-Angiogenesis Therapy
The above results suggest that regulating the GRK2-involved
pathway in pathophysiological contexts characterized by
abnormal angiogenesis leads to promising anti-angiogenesis
therapy. Paeoniflorin-6’-O-benzene sulfonate (CP-25), a
chemical modification derivative of paeoniflorin, has
outstanding anti-inflammatory and soft regulation of
inflammatory immune response (SRIIR) activities (77-80). As
CP-25 can attenuate pannus formation in CIA and adjuvant
arthritis (AA) models (81, 82), further studies have confirmed
that the mechanism is closely related to GRK2. CP-25 inhibits
PGE2-induced angiogenesis by downregulating EP4-AC-cAMP-
PKA-mediated GRK2 translocation to the cell membrane, in
parallel with reducing the inhibition of GRK2 by ERK1/2 (45).
Furthermore, CP-25 inhibited pannus formation in the
synovium of rats with AA, which may be associated with the
downregulation of CXCL12/CXCR4 expression in the synovium
(46). These findings provide a potential new mechanism for anti-
angiogenic therapy with CP-25 in RA. Moreover, BARKct gene
therapy in a hindlimb ischemia (HI) model induced GRK2
inhibition and promoted subsequent angiogenesis by
suppressing ischemia-induced B,AR downregulation, but the
detailed mechanism remains to be explored (44). Although
these results suggest that GRK2 may be an effective target for
antiangiogenic therapy in special disease models, whether this
approach is still effective in tumors remains unknown.

Manipulation of tumor-associated angiogenesis represents a
promising strategy to limit cancer progression; however, most of
clinical tumor anti-angiogenesis drugs can easily cause drug
resistance in patients (83-85). The main reason for drug
resistance is that these drugs completely inhibit angiogenesis,
which leads to an imbalance state that induces more severe
angiogenesis. The results mentioned in this review suggest that
either the low expression level of GRK2 or the excessive
translocation activity of GRK2 can cause pathological
angiogenesis. This may indicate that the imbalance and
abnormal state of GRK2 expression and activity are the causes
of pathological angiogenesis. Therefore, it is important to restore
GRK2 to its normal state via soft regulation.

In this regard, we hope that GRK2 can be realized in the
future as a new potential anti-angiogenesis therapeutic target in
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tumor therapy for tumor vascular normalization, which means a
decrease in the number of vessels and an increase in perfusion
(66, 86, 87). The tumor microenvironment is a complex network
of multiple chemokines, metabolic reactions, and signaling
cascades (88, 89). This requires in-depth exploration of the
complex mechanism of GRK2 and various molecules in
the tumor microenvironment in different tumor types in the
future. The pathogenesis of different diseases is distinct and
complex. Thus, it is important to study the relationship between
GRK2 expression levels in specific cell types or in specific
intracellular locations and angiogenesis for specific disease types.

CONCLUSIONS AND PERSPECTIVES

It has become clear that GRKs are multifunctional proteins that
can interact not only with GPCRs but also with intracellular
multiple non-GPCR proteins. The findings summarized in this
review strongly suggest that changes in GRK2 expression levels
and localization in ECs induced by distinct stimuli, may
modulate GPCRs- and/or non-GPCRs-involved signaling
through a variety of mechanisms, and further influence on cell
proliferation, migration, and other behaviors. Moreover, these
changes related to GRK2 may eventually lead to pathological
angiogenesis in organisms. Under different disease conditions (in
tumors or in RA), the GRK2 activity leading to EC activation and
angiogenesis show opposite trends. Decreased GRK2 expression
or the increased GRK2 translocation can both improve the
activity of ECs, thus, promoting angiogenesis and disease
progression. This suggests that the imbalance and abnormal
activity of GRK2 may be the main cause of pathological
angiogenesis. Therefore, when GRK2 is used as the target of
anti-angiogenesis therapy, we should aim to restore the normal
state of GRK2 activity, rather than completely inhibit or
promote it.

However, there are still several issues remain to be resolved in
the future. An increasing number of studies have shown that
GRK2 expression levels, localization, and functional status are

REFERENCES

1. Gurevich VV, Gurevich EV. Gpcr Signaling Regulation: The Role of
GRKs and Arrestins. Front Pharmacol (2019) 10:125. doi: 10.3389/fphar.
2019.00125

2. Watari K, Nakaya M, Kurose H. Multiple Functions of G Protein-Coupled
Receptor Kinases. J Mol Signal (2014) 9(1):1. doi: 10.1186/1750-2187-9-1

3. Penela P, Murga C, Ribas C, Lafarga V, Mayor FJ. The Complex G Protein-
Coupled Receptor Kinase 2 (GRK2) Interactome Unveils New
Physiopathological Targets. Br J Pharmacol (2010) 160(4):821-32.
doi: 10.1111/j.1476-5381.2010.00727.x

4. Ribas C, Penela P, Murga C, Salcedo A, Garcia-Hoz C, Jurado-Pueyo M, et al.
The G Protein-Coupled Receptor Kinase (GRK) Interactome: Role of GRKs in
GPCR Regulation and Signaling. Biochim Biophys Acta (2007) 1768(4):913-
22. doi: 10.1016/j.bbamem.2006.09.019

5. Penela P, Ribas C, Mayor FJ. Mechanisms of Regulation of the Expression and
Function of G Protein-Coupled Receptor Kinases. Cell Signal (2003) 15
(11):973-81. doi: 10.1016/s0898-6568(03)00099-8

6. Matkovich SJ, Diwan A, Klanke JL, Hammer DJ, Marreez Y, Odley AM, et al.
Cardiac-Specific Ablation of G-protein Receptor Kinase 2 Redefines its Roles

closely related to inflammation and inflammation-related
diseases (3, 33, 90, 91). The network of inflammatory
microenvironment components is complex. A better
understanding of GRK2 specificity of expression and
translocation mode in specific inflammation/pathological
conditions will be pivotal to reveal the roles of this kinase in
progression and other processes related to inflammation and
diseases. Moreover, in view of existing research results, GRK2
may be a potential anti-angiogenesis therapy target in a variety of
pathological conditions. However, there is a problem in that the
activity of GRK2 affects angiogenesis in various ways in different
diseases, including in different subtypes and different stages of
progression of the same disease, such as in cancers (3, 42, 61).
Thus, the specific contributions of GRK2 in angiogenesis and
potential mechanisms therein, its integration in ECs and other
cell types related to angiogenesis, and the expression and/or
translocation changes that occur during disease development,
need to be further confirmed. The above key issues should be
addressed in future research to gain further insight into the roles
of GRK2 and help in the design of GRK2-related therapeutic
strategies for different diseases.

AUTHOR CONTRIBUTIONS

JK and CH conceived and designed this review. JK researched the
literature and wrote the manuscript. WW is responsible for
review, editing and funding acquisition. All authors
contributed to the article and approved the submitted version.

FUNDING

The study was supported with the Surface Project of National
Natural Science Foundation of China (No. 81673444) and the
Postdoctoral Science Foundation of Anhui Province
(No. 2020B430).

in Heart Development and Beta-Adrenergic Signaling. Circ Res (2006) 99
(9):996-1003. doi: 10.1161/01.RES.0000247932.71270.2¢
7. Carmeliet P, Jain RK. Angiogenesis in Cancer and Other Diseases. Nature
(2000) 407(6801):249-57. doi: 10.1038/35025220
8. Carmeliet P. Angiogenesis in Life, Disease and Medicine. Nature (2005) 438
(7070):932-6. doi: 10.1038/nature04478
9. Lamalice L, Le Boeuf F, Huot J. Endothelial Cell Migration During
Angiogenesis. Circ Res (2007) 100(6):782-94. doi: 10.1161/01.RES.
0000259593.07661.1e
10. Carmeliet P, Jain RK. Molecular Mechanisms and Clinical Applications of
Angiogenesis. Nature (2011) 473(7347):298-307. doi: 10.1038/nature10144
11. Thairu N, Kiriakidis S, Dawson P, Paleolog E. Angiogenesis as a Therapeutic
Target in Arthritis in 2011: Learning the Lessons of the Colorectal Cancer
Experience. Angiogenesis (2011) 14(3):223-34. doi: 10.1007/s10456-011-9208-2
12. Fukumura D, Jain RK. Tumor Microvasculature and Microenvironment:
Targets for Anti-Angiogenesis and Normalization. Microvasc Res (2007) 74
(2-3):72-84. doi: 10.1016/j.mvr.2007.05.003
13. Vasudev NS, Reynolds AR. Anti-Angiogenic Therapy for Cancer: Current
Progress, Unresolved Questions and Future Directions. Angiogenesis (2014)
17(3):471-94. doi: 10.1007/s10456-014-9420-y

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 698424


https://doi.org/10.3389/fphar.2019.00125
https://doi.org/10.3389/fphar.2019.00125
https://doi.org/10.1186/1750-2187-9-1
https://doi.org/10.1111/j.1476-5381.2010.00727.x
https://doi.org/10.1016/j.bbamem.2006.09.019
https://doi.org/10.1016/s0898-6568(03)00099-8
https://doi.org/10.1161/01.RES.0000247932.71270.2c
https://doi.org/10.1038/35025220
https://doi.org/10.1038/nature04478
https://doi.org/10.1161/01.RES.0000259593.07661.1e
https://doi.org/10.1161/01.RES.0000259593.07661.1e
https://doi.org/10.1038/nature10144
https://doi.org/10.1007/s10456-011-9208-2
https://doi.org/10.1016/j.mvr.2007.05.003
https://doi.org/10.1007/s10456-014-9420-y
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kuai et al.

GRK2 Regulates Pathological Angiogenesis

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Abdalla A, Xiao L, Ullah MW, Yu M, Ouyang C, Yang G. Current Challenges
of Cancer Anti-Angiogenic Therapy and the Promise of Nanotherapeutics.
Theranostics (2018) 8(2):533-48. doi: 10.7150/thno.21674

Penela P, Ribas C, Sanchez-Madrid F, Mayor FJ. G Protein-Coupled Receptor
Kinase 2 (GRK2) as a Multifunctional Signaling Hub. Cell Mol Life Sci (2019)
76(22):4423-46. doi: 10.1007/s00018-019-03274-3

Black JB, Premont RT, Daaka Y. Feedback Regulation of G Protein-Coupled
Receptor Signaling by GRKs and Arrestins. Semin Cell Dev Biol (2016) 50:95—
104. doi: 10.1016/j.semcdb.2015.12.015

Premont RT, Gainetdinov RR. Physiological Roles of G Protein-Coupled
Receptor Kinases and Arrestins. Annu Rev Physiol (2007) 69:511-34.
doi: 10.1146/annurev.physiol.69.022405.154731

Smith JS, Rajagopal S. The Beta-Arrestins: Multifunctional Regulators of G
Protein-Coupled Receptors. J Biol Chem (2016) 291(17):8969-77.
doi: 10.1074/jbc.R115.713313

Fan X, Gu X, Zhao R, Zheng Q, Li L, Yang W, et al. Cardiac Beta2-Adrenergic
Receptor Phosphorylation at Ser355/356 Regulates Receptor Internalization
and Functional Resensitization. PloS One (2016) 11(8):¢161373. doi: 10.1371/
journal.pone.0161373

De Francesco EM, Sotgia F, Clarke RB, Lisanti MP, Maggiolini M. G Protein-
Coupled Receptors at the Crossroad Between Physiologic and Pathologic
Angiogenesis: Old Paradigms and Emerging Concepts. Int ] Mol Sci (2017) 18
(12):2713. doi: 10.3390/ijms18122713

Penela P, Nogues L, Mayor FJ. Role of G Protein-Coupled Receptor Kinases in
Cell Migration. Curr Opin Cell Biol (2014) 27:10-7. doi: 10.1016/j.ceb.2013.10.005
YuS, Sun L, Jiao Y, Lee L. The Role of G Protein-Coupled Receptor Kinases in
Cancer. Int ] Biol Sci (2018) 14(2):189-203. doi: 10.7150/ijbs.22896

Han CC,Ma Y, Li Y, Wang Y, Wei W. Regulatory Effects of GRK2 on GPCRs
and non-GPCRs and Possible Use as a Drug Target (Review). Int ] Mol Med
(2016) 38(4):987-94. doi: 10.3892/ijmm.2016.2720

Chen Y, Long H, Wu Z, Jiang X, Ma L. EGF Transregulates Opioid Receptors
Through EGFR-mediated GRK2 Phosphorylation and Activation. Mol Biol
Cell (2008) 19(7):2973-83. doi: 10.1091/mbc.e07-10-1058

Hildreth KL, Wu JH, Barak LS, Exum ST, Kim LK, Peppel K, et al.
Phosphorylation of the Platelet-Derived Growth Factor Receptor-Beta by G
Protein-Coupled Receptor Kinase-2 Reduces Receptor Signaling and
Interaction With the Na(+)/H(+) Exchanger Regulatory Factor. ] Biol Chem
(2004) 279(40):41775-82. doi: 10.1074/jbc.M403274200

Gao J, Li J, Ma L. Regulation of EGF-induced ERK/MAPK Activation and EGFR
Internalization by G Protein-Coupled Receptor Kinase 2. Acta Biochim Biophys
Sin (Shanghai) (2005) 37(8):525-31. doi: 10.1111/j.1745-7270.2005.00076.x
Peppel K, Jacobson A, Huang X, Murray JP, Oppermann M, Freedman NJ.
Overexpression of G Protein-Coupled Receptor Kinase-2 in Smooth Muscle
Cells Attenuates Mitogenic Signaling Via G Protein-Coupled and Platelet-
Derived Growth Factor Receptors. Circulation (2000) 102(7):793-9.
doi: 10.1161/01.¢ir.102.7.793

Penela P, Murga C, Ribas C, Tutor AS, Peregrin S, Mayor FJ. Mechanisms of
Regulation of G Protein-Coupled Receptor Kinases (Grks) and Cardiovascular
Disease. Cardiovasc Res (2006) 69(1):46-56. doi: 10.1016/j.cardiores.2005.09.011
Ferguson SS. Phosphorylation-Independent Attenuation of GPCR Signalling.
Trends Pharmacol Sci (2007) 28(4):173-9. doi: 10.1016/j.tips.2007.02.008
Naga PS, Laporte SA, Chamberlain D, Caron MG, Barak L, Rockman HA.
Phosphoinositide 3-Kinase Regulates beta2-adrenergic Receptor Endocytosis
by AP-2 Recruitment to the Receptor/Beta-Arrestin Complex. J Cell Biol
(2002) 158(3):563-75. doi: 10.1083/jcb.200202113

Jimenez-Sainz MC, Murga C, Kavelaars A, Jurado-Pueyo M, Krakstad BF,
Heijnen CJ, et al. G Protein-Coupled Receptor Kinase 2 Negatively Regulates
Chemokine Signaling at a Level Downstream From G Protein Subunits. Mol
Biol Cell (2006) 17(1):25-31. doi: 10.1091/mbc.e05-05-0399

Ma Y, Han CC, Huang Q, Sun WY, Wei W. GRK2 Overexpression Inhibits
IGF1-induced Proliferation and Migration of Human Hepatocellular
Carcinoma Cells by Downregulating EGR1. Oncol Rep (2016) 35(5):3068—
74. doi: 10.3892/0r.2016.4641

Vroon A, Heijnen CJ, Kavelaars A. Grks and Arrestins: Regulators of Migration
and Inflammation. J Leukoc Biol (2006) 80(6):1214-21. doi: 10.1189/jlb.0606373
Penela P, Ribas C, Aymerich I, Eijkelkamp N, Barreiro O, Heijnen CJ, et al. G
Protein-Coupled Receptor Kinase 2 Positively Regulates Epithelial Cell
Migration. EMBO J (2008) 27(8):1206-18. doi: 10.1038/emboj.2008.55

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Metaye T, Levillain P, Kraimps JL, Perdrisot R. Immunohistochemical
Detection, Regulation and Antiproliferative Function of G-protein-coupled
Receptor Kinase 2 in Thyroid Carcinomas. ] Endocrinol (2008) 198(1):101-10.
doi: 10.1677/JOE-07-0562

Xu ZW, Yan SX, Wu HX, Zhang Y, Wei W. Angiotensin II and Tumor
Necrosis Factor-Alpha Stimulate the Growth, Migration and Invasion of BEL-
7402 Cells Via Down-Regulation of GRK2 Expression. Dig Liver Dis (2019) 51
(2):263-74. doi: 10.1016/j.d1d.2018.06.007

Michaelis UR. Mechanisms of Endothelial Cell Migration. Cell Mol Life Sci
(2014) 71(21):4131-48. doi: 10.1007/s00018-014-1678-0

Bogatcheva NV, Garcia JG, Verin AD. Molecular Mechanisms of Thrombin-
Induced Endothelial Cell Permeability. Biochem (Mosc) (2002) 67(1):75-84.
doi: 10.1023/a:1013904231324

Liu S, Premont RT, Kontos CD, Zhu S, Rockey DC. A Crucial Role for GRK2
in Regulation of Endothelial Cell Nitric Oxide Synthase Function in Portal
Hypertension. Nat Med (2005) 11(9):952-8. doi: 10.1038/nm1289

Kliche S, Waltenberger J. VEGF Receptor Signaling and Endothelial Function.
IUBMB Life (2001) 52(1-2):61-6. doi: 10.1080/15216540252774784

Cheng HW, Chen YF, Wong JM, Weng CW, Chen HY, Yu SL, et al. Cancer
Cells Increase Endothelial Cell Tube Formation and Survival by Activating the
PI3K/Akt Signalling Pathway. ] Exp Clin Cancer Res (2017) 36(1):27.
doi: 10.1186/s13046-017-0495-3

Rivas V, Carmona R, Munoz-Chapuli R, Mendiola M, Nogues L, Reglero C,
et al. Developmental and Tumoral Vascularization is Regulated by G Protein-
Coupled Receptor Kinase 2. J Clin Invest (2013) 123(11):4714-30.
doi: 10.1172/JCI67333

Hu M, Wang C, Li W, Lu W, Bai Z, Qin D, et al. A KSHV Microrna Directly
Targets G Protein-Coupled Receptor Kinase 2 to Promote the Migration and
Invasion of Endothelial Cells by Inducing CXCR2 and Activating Akt Signaling.
PloS Pathog (2015) 11(9):¢1005171. doi: 10.1371/journal.ppat.1005171

Cannavo A, Liccardo D, Lymperopoulos A, Gambino G, D’Amico ML, Rengo
F, et al. Beta Adrenergic Receptor Kinase C-Terminal Peptide Gene-Therapy
Improves Beta2-Adrenergic Receptor-Dependent Neoangiogenesis After
Hindlimb Ischemia. | Pharmacol Exp Ther (2016) 356(2):503-13.
doi: 10.1124/jpet.115.228411

Han CC, Liu Q, Zhang Y, Li YF, Cui DQ, Luo TT, et al. Cp-25 Inhibits PGE2-
induced Angiogenesis by Down-Regulating EP4/AC/cAMP/PKA-mediated
GRK2 Translocation. Clin Sci (Lond) (2020) 134(3):331-47. doi: 10.1042/
CS20191032

Zhang M, Gao M, Chen J, Song L, Wei W. Cp-25 Exerts Anti-Angiogenic
Effects on a Rat Model of Adjuvant-Induced Arthritis by Promoting GRK2-
induced Downregulation of CXCR4-ERK1/2 Signaling in Endothelial Cells.
Mol Med Rep (2019) 20(6):4831-42. doi: 10.3892/mmr.2019.10765

Herbert SP, Stainier DY. Molecular Control of Endothelial Cell Behaviour
During Blood Vessel Morphogenesis. Nat Rev Mol Cell Biol (2011) 12(9):551—
64. doi: 10.1038/nrm3176

Drake CJ. Embryonic and Adult Vasculogenesis. Birth Defects Res C Embryo
Today (2003) 69(1):73-82. doi: 10.1002/bdrc.10003

Lugano R, Ramachandran M, Dimberg A. Tumor Angiogenesis: Causes,
Consequences, Challenges and Opportunities. Cell Mol Life Sci (2020) 77
(9):1745-70. doi: 10.1007/s00018-019-03351-7

Aguilar-Cazares D, Chavez-Dominguez R, Carlos-Reyes A, Lopez-Camarillo
C, Hernadez DLCO, Lopez-Gonzalez JS. Contribution of Angiogenesis to
Inflammation and Cancer. Front Oncol (2019) 9:1399. doi: 10.3389/fonc.
2019.01399

Chandler KB, Costello CE, Rahimi N. Glycosylation in the Tumor
Microenvironment: Implications for Tumor Angiogenesis and Metastasis.
Cells-Basel (2019) 8(6):544. doi: 10.3390/cells8060544

MacDonald IJ, Liu SC, Su CM, Wang YH, Tsai CH, Tang CH. Implications of
Angiogenesis Involvement in Arthritis. Int | Mol Sci (2018) 19(7):2012.
doi: 10.3390/ijms19072012

Elshabrawy HA, Chen Z, Volin MV, Ravella S, Virupannavar S, Shahrara S.
The Pathogenic Role of Angiogenesis in Rheumatoid Arthritis. Angiogenesis
(2015) 18(4):433-48. doi: 10.1007/s10456-015-9477-2

Marrelli A, Cipriani P, Liakouli V, Carubbi F, Perricone C, Perricone R, et al.
Angiogenesis in Rheumatoid Arthritis: A Disease Specific Process or a
Common Response to Chronic Inflammation? Autoimmun Rev (2011) 10
(10):595-8. doi: 10.1016/j.autrev.2011.04.020

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 698424


https://doi.org/10.7150/thno.21674
https://doi.org/10.1007/s00018-019-03274-3
https://doi.org/10.1016/j.semcdb.2015.12.015
https://doi.org/10.1146/annurev.physiol.69.022405.154731
https://doi.org/10.1074/jbc.R115.713313
https://doi.org/10.1371/journal.pone.0161373
https://doi.org/10.1371/journal.pone.0161373
https://doi.org/10.3390/ijms18122713
https://doi.org/10.1016/j.ceb.2013.10.005
https://doi.org/10.7150/ijbs.22896
https://doi.org/10.3892/ijmm.2016.2720
https://doi.org/10.1091/mbc.e07-10-1058
https://doi.org/10.1074/jbc.M403274200
https://doi.org/10.1111/j.1745-7270.2005.00076.x
https://doi.org/10.1161/01.cir.102.7.793
https://doi.org/10.1016/j.cardiores.2005.09.011
https://doi.org/10.1016/j.tips.2007.02.008
https://doi.org/10.1083/jcb.200202113
https://doi.org/10.1091/mbc.e05-05-0399
https://doi.org/10.3892/or.2016.4641
https://doi.org/10.1189/jlb.0606373
https://doi.org/10.1038/emboj.2008.55
https://doi.org/10.1677/JOE-07-0562
https://doi.org/10.1016/j.dld.2018.06.007
https://doi.org/10.1007/s00018-014-1678-0
https://doi.org/10.1023/a:1013904231324
https://doi.org/10.1038/nm1289
https://doi.org/10.1080/15216540252774784
https://doi.org/10.1186/s13046-017-0495-3
https://doi.org/10.1172/JCI67333
https://doi.org/10.1371/journal.ppat.1005171
https://doi.org/10.1124/jpet.115.228411
https://doi.org/10.1042/CS20191032
https://doi.org/10.1042/CS20191032
https://doi.org/10.3892/mmr.2019.10765
https://doi.org/10.1038/nrm3176
https://doi.org/10.1002/bdrc.10003
https://doi.org/10.1007/s00018-019-03351-7
https://doi.org/10.3389/fonc.2019.01399
https://doi.org/10.3389/fonc.2019.01399
https://doi.org/10.3390/cells8060544
https://doi.org/10.3390/ijms19072012
https://doi.org/10.1007/s10456-015-9477-2
https://doi.org/10.1016/j.autrev.2011.04.020
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kuai et al.

GRK2 Regulates Pathological Angiogenesis

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Ko SH, Bandyk DF. Therapeutic Angiogenesis for Critical Limb Ischemia.
Semin Vasc Surg (2014) 27(1):23-31. doi: 10.1053/j.semvascsurg.2014.10.001
Hayashi T, Deguchi K, Nagotani S, Zhang H, Sehara Y, Tsuchiya A, et al.
Cerebral Ischemia and Angiogenesis. Curr Neurovasc Res (2006) 3(2):119-29.
doi: 10.2174/156720206776875902

Tonnesen MG, Feng X, Clark RA. Angiogenesis in Wound Healing. ] Investig
Dermatol Symp Proc (2000) 5(1):40-6. doi: 10.1046/j.1087-0024.2000.00014.x
Lai S, FuX, Yang S, Zhang S, Lin Q, Zhang M, et al. G Protein-Coupled Receptor
Kinase-2: A Potential Biomarker for Early Diabetic Cardiomyopathy. J Diabetes
(2020) 12(3):247-58. doi: 10.1111/1753-0407.12991

Rodriguez-Serrano M, Rueda ], Buendia F, Monto F, Aguero J, Osa A, et al.
Beta2-Adrenoceptors and GRK2 as Potential Biomarkers in Patients With
Chronic Pulmonary Regurgitation. Front Pharmacol (2019) 10:93.
doi: 10.3389/fphar.2019.00093

Dzimiri N, Muiya P, Andres E, Al-Halees Z. Differential Functional
Expression of Human Myocardial G Protein Receptor Kinases in Left
Ventricular Cardiac Diseases. Eur ] Pharmacol (2004) 489(3):167-77.
doi: 10.1016/j.ejphar.2004.03.015

Nogues L, Reglero C, Rivas V, Salcedo A, Lafarga V, Neves M, et al. G Protein-
coupled Receptor Kinase 2 (Grk2) Promotes Breast Tumorigenesis Through a
HDAC6-Pinl Axis. Ebiomedicine (2016) 13:132-45. doi: 10.1016/j.ebiom.
2016.09.030

Li W, Jia X, Shen C, Zhang M, Xu J, Shang Y, et al. A KSHV microRNA
Enhances Viral Latency and Induces Angiogenesis by Targeting GRK2 to
Activate the CXCR2/AKT Pathway. Oncotarget (2016) 7(22):32286-305.
doi: 10.18632/oncotarget.8591

Singh S, Sadanandam A, Singh RK. Chemokines in Tumor Angiogenesis and
Metastasis. Cancer Metastasis Rev (2007) 26(3-4):453-67. doi: 10.1007/
§10555-007-9068-9

Cavallaro U, Christofori G. Molecular Mechanisms of Tumor Angiogenesis
and Tumor Progression. ] Neurooncol (2000) 50(1-2):63-70. doi: 10.1023/
a:1006414621286

Potente M, Gerhardt H, Carmeliet P. Basic and Therapeutic Aspects of
Angiogenesis. Cell (2011) 146(6):873-87. doi: 10.1016/j.cell.2011.08.039

Jain RK. Normalization of Tumor Vasculature: An Emerging Concept in
Antiangiogenic Therapy. Science (2005) 307(5706):58-62. doi: 10.1126/
science.1104819

Vroon A, Kavelaars A, Limmroth V, Lombardi MS, Goebel MU, Van Dam
AM, et al. G Protein-Coupled Receptor Kinase 2 in Multiple Sclerosis and
Experimental Autoimmune Encephalomyelitis. J Immunol (2005) 174
(7):4400-6. doi: 10.4049/jimmunol.174.7.4400

Fu LQ, Du WL, Cai MH, Yao JY, Zhao YY, Mou XZ. The Roles of Tumor-
Associated Macrophages in Tumor Angiogenesis and Metastasis. Cell
Immunol (2020) 353:104119. doi: 10.1016/j.cellimm.2020.104119

Lewis CE, Harney AS, Pollard JW. The Multifaceted Role of Perivascular
Macrophages in Tumors. Cancer Cell (2016) 30(1):18-25. doi: 10.1016/
j.ccell.2016.05.017

Chen P, Bonaldo P. Role of Macrophage Polarization in Tumor Angiogenesis
and Vessel Normalization: Implications for New Anticancer Therapies. Int
Rev Cell Mol Biol (2013) 301:1-35. doi: 10.1016/B978-0-12-407704-1.00001-4
Ganem D. KSHV and Kaposi’s Sarcoma: The End of the Beginning? Cell
(1997) 91(2):157-60. doi: 10.1016/s0092-8674(00)80398-0

Mesri EA, Cesarman E, Boshoft C. Kaposi’s Sarcoma and its Associated
Herpesvirus. Nat Rev Cancer (2010) 10(10):707-19. doi: 10.1038/nrc2888
Fearon U, Canavan M, Biniecka M, Veale DJ. Hypoxia, Mitochondrial
Dysfunction and Synovial Invasiveness in Rheumatoid Arthritis. Nat Rev
Rheumatol (2016) 12(7):385-97. doi: 10.1038/nrrheum.2016.69

Lombardi MS, Kavelaars A, Schedlowski M, Bijlsma JW, Okihara KL, Van de
Pol M, et al. Decreased Expression and Activity of G-protein-coupled Receptor
Kinases in Peripheral Blood Mononuclear Cells of Patients With Rheumatoid
Arthritis. FASEB ] (1999) 13(6):715-25. doi: 10.1096/fasebj.13.6.715
Taccarino G, Ciccarelli M, Sorriento D, Galasso G, Campanile A, Santulli G,
et al. Ischemic Neoangiogenesis Enhanced by beta2-adrenergic Receptor
Overexpression: A Novel Role for the Endothelial Adrenergic System. Circ
Res (2005) 97(11):1182-9. doi: 10.1161/01.RES.0000191541.06788.bb

Rengo G, Zincarelli C, Femminella GD, Liccardo D, Pagano G, de Lucia C, et al.
Myocardial Beta(2) -Adrenoceptor Gene Delivery Promotes Coordinated Cardiac

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Adaptive Remodelling and Angiogenesis in Heart Failure. Br ] Pharmacol (2012)
166(8):2348-61. doi: 10.1111/j.1476-5381.2012.01954.x

Tu]J, Guo Y, Hong W, Fang Y, Han D, Zhang P, et al. The Regulatory Effects of
Paeoniflorin and Its Derivative Paeoniflorin-6’-O-Benzene Sulfonate Cp-25
on Inflammation and Immune Diseases. Front Pharmacol (2019) 10:57.
doi: 10.3389/fphar.2019.00057

Wang C, Wei X, Wu Y, Tang H, Wang B, Wang Y, et al. Cp-25 Improves
Nephropathy in Collagen-Induced Arthritis Rats by Inhibiting the Renal
Inflammatory Response. Int Immunopharmacol (2020) 88:106997.
doi: 10.1016/j.intimp.2020.106997

Yang XZ, Wei W. Cp-25, a Compound Derived From Paeoniflorin: Research
Advance on its Pharmacological Actions and Mechanisms in the Treatment of
Inflammation and Immune Diseases. Acta Pharmacol Sin (2020) 41
(11):1387-94. doi: 10.1038/541401-020-00510-6

Han C, Li Y, Zhang Y, Wang Y, Cui D, Luo T, et al. Targeted Inhibition of
GRK2 Kinase Domain by CP-25 to Reverse Fibroblast-Like Synoviocytes
Dysfunction and Improve Collagen-Induced Arthritis in Rats. Acta Pharm Sin
B (2021). doi: 10.1016/j.apsb.2021.01.015

Chang Y, Jia X, Wei F, Wang C, Sun X, Xu S, et al. Cp-25, a Novel Compound,
Protects Against Autoimmune Arthritis by Modulating Immune Mediators of
Inflammation and Bone Damage. Sci Rep (2016) 6:26239. doi: 10.1038/
srep26239

Chen J, Wang Y, Wu H, Yan S, Chang Y, Wei W. A Modified Compound
From Paeoniflorin, CP-25, Suppressed Immune Responses and Synovium
Inflammation in Collagen-Induced Arthritis Mice. Front Pharmacol (2018)
9:563. doi: 10.3389/fphar.2018.00563

Rajabi M, Mousa SA. The Role of Angiogenesis in Cancer Treatment.
Biomedicines (2017) 5(2):34. doi: 10.3390/biomedicines5020034

Jaszai J, Schmidt M. Trends and Challenges in Tumor Anti-Angiogenic
Therapies. Cells-Basel (2019) 8(9):1102. doi: 10.3390/cells8091102

Ramadan WS, Zaher DM, Altaie AM, Talaat IM, Elmoselhi A. Potential
Therapeutic Strategies for Lung and Breast Cancers Through Understanding
the Anti-Angiogenesis Resistance Mechanisms. Int ] Mol Sci (2020) 21(2):565.
doi: 10.3390/ijms21020565

Goel S, Duda DG, Xu L, Munn LL, Boucher Y, Fukumura D, et al. Normalization
of the Vasculature for Treatment of Cancer and Other Diseases. Physiol Rev (2011)
91(3):1071-121. doi: 10.1152/physrev.00038.2010

Goel S, Wong AH, Jain RK. Vascular Normalization as a Therapeutic Strategy
for Malignant and Nonmalignant Disease. Cold Spring Harb Perspect Med
(2012) 2(3):a6486. doi: 10.1101/cshperspect.a006486

Lyssiotis CA, Kimmelman AC. Metabolic Interactions in the Tumor
Microenvironment. Trends Cell Biol (2017) 27(11):863-75. doi: 10.1016/
j-tcb.2017.06.003

Roma-Rodrigues C, Mendes R, Baptista PV, Fernandes AR. Targeting Tumor
Microenvironment for Cancer Therapy. Int ] Mol Sci (2019) 20(4):840.
doi: 10.3390/ijms20040840

Stevenson NL, Martin-Martin B, Freeman J, Kriston-Vizi J, Ketteler R, Cutler
DF. G Protein-Coupled Receptor Kinase 2 Moderates Recruitment of THP-1
Cells to the Endothelium by Limiting Histamine-Invoked Weibel-Palade
Body Exocytosis. | Thromb Haemost (2014) 12(2):261-72. doi: 10.1111/
jth.12470

Nogues L, Palacios-Garcia J, Reglero C, Rivas V, Neves M, Ribas C, et al. G
Protein-Coupled Receptor Kinases (Grks) in Tumorigenesis and Cancer
Progression: GPCR Regulators and Signaling Hubs. Semin Cancer Biol
(2018) 48:78-90. doi: 10.1016/j.semcancer.2017.04.013

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Kuai, Han and Wei. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 698424


https://doi.org/10.1053/j.semvascsurg.2014.10.001
https://doi.org/10.2174/156720206776875902
https://doi.org/10.1046/j.1087-0024.2000.00014.x
https://doi.org/10.1111/1753-0407.12991
https://doi.org/10.3389/fphar.2019.00093
https://doi.org/10.1016/j.ejphar.2004.03.015
https://doi.org/10.1016/j.ebiom.2016.09.030
https://doi.org/10.1016/j.ebiom.2016.09.030
https://doi.org/10.18632/oncotarget.8591
https://doi.org/10.1007/s10555-007-9068-9
https://doi.org/10.1007/s10555-007-9068-9
https://doi.org/10.1023/a:1006414621286
https://doi.org/10.1023/a:1006414621286
https://doi.org/10.1016/j.cell.2011.08.039
https://doi.org/10.1126/science.1104819
https://doi.org/10.1126/science.1104819
https://doi.org/10.4049/jimmunol.174.7.4400
https://doi.org/10.1016/j.cellimm.2020.104119
https://doi.org/10.1016/j.ccell.2016.05.017
https://doi.org/10.1016/j.ccell.2016.05.017
https://doi.org/10.1016/B978-0-12-407704-1.00001-4
https://doi.org/10.1016/s0092-8674(00)80398-0
https://doi.org/10.1038/nrc2888
https://doi.org/10.1038/nrrheum.2016.69
https://doi.org/10.1096/fasebj.13.6.715
https://doi.org/10.1161/01.RES.0000191541.06788.bb
https://doi.org/10.1111/j.1476-5381.2012.01954.x
https://doi.org/10.3389/fphar.2019.00057
https://doi.org/10.1016/j.intimp.2020.106997
https://doi.org/10.1038/s41401-020-00510-6
https://doi.org/10.1016/j.apsb.2021.01.015
https://doi.org/10.1038/srep26239
https://doi.org/10.1038/srep26239
https://doi.org/10.3389/fphar.2018.00563
https://doi.org/10.3390/biomedicines5020034
https://doi.org/10.3390/cells8091102
https://doi.org/10.3390/ijms21020565
https://doi.org/10.1152/physrev.00038.2010
https://doi.org/10.1101/cshperspect.a006486
https://doi.org/10.1016/j.tcb.2017.06.003
https://doi.org/10.1016/j.tcb.2017.06.003
https://doi.org/10.3390/ijms20040840
https://doi.org/10.1111/jth.12470
https://doi.org/10.1111/jth.12470
https://doi.org/10.1016/j.semcancer.2017.04.013
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Potential Regulatory Roles of GRK2 in Endothelial Cell Activity and Pathological Angiogenesis
	Introduction
	Canonical Roles Of GRK2
	GRK2 Has Multiple Physiological Regulatory Functions By Binding To Non-Gpcr Substrates
	GRK2 Attends The Modulation Of Endothelial Cell Activity
	Changes in GRK2 Expression Level Impact Endothelial Cell Activity
	Changes in GRK2 Localization Impact Endothelial Cell Activity

	GRK2 Mediates The Regulation Of Angiogenesis In Pathological Conditions
	GRK2 in Tumor Angiogenesis
	GRK2 in Pannus of Rheumatoid Arthritis
	GRK2 in Limb Ischemia
	GRK2 as a Target for Anti-Angiogenesis Therapy

	Conclusions And Perspectives
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


