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The role of G protein-coupled receptor kinases in the

pathology of malignant tumors

Wu-yi Sun', Jing-jing Wu'?, Wen-ting Peng’, Jia-chang Sun' and Wei Wei'

G protein-coupled receptor kinases (GRKs) constitute seven subtypes of serine/threonine protein kinases that specifically recognize and
phosphorylate agonist-activated G protein-coupled receptors (GPCRs), thereby terminating the GPCRs-mediated signal transduction
pathway. Recent research shows that GRKs also interact with non-GPCRs and participate in signal transduction in non-phosphorylated
manner. Besides, GRKs activity can be regulated by multiple factors. Changes in GRKs expression have featured prominently in various
tumor pathologies, and they are associated with angiogenesis, proliferation, migration, and invasion of malignant tumors. As a result,
GRKs have been intensively studied as potential therapeutic targets. Herein, we review evolving understanding of the function of GRKs,
the regulation of GRKs activity and the role of GRKs in human malignant tumor pathophysiology.
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INTRODUCTION

The superfamily of G protein-coupled receptors (GPCRs) is the
largest group of receptor membrane proteins in mammals and
mediates a variety of ligand signals, including neurotransmitters,
hormones, and other small molecules, and it is also recognized as
the target of a variety of drugs [1, 2]. G protein-coupled receptor
kinases (GRKs) are key modulators of GPCRs signaling. They
constitute a family of seven subtypes that phosphorylate agonist-
bound receptor, thereby terminating the GPCRs-mediated signal
transduction. There are more than 800 subtypes of GPCRs, whereas
there are only seven GRK subtypes [3]. The significant difference
between GRKs and GPCRs suggests that one GRK subtype may
interact with multiple receptors, which is an explanation for GRKs
involvement in a variety of physiological and pathological effects in
humans [4, 5]. In addition to their classical role in promoting GPCRs
desensitization and internalization, emerging data also suggest
novel functions of GRKs at the receptor interface, including
regulating non-GPCRs and non-receptor substrates, or participating
in cellular responses in a phosphorylation-independent manner [6].
The classical and novel roles of GRKs involved in signaling
pathways are being increasingly elucidated, and they are
associated with angiogenesis, proliferation, migration, and invasion
of malignant tumors [7, 8]. This review summarizes our current
knowledge of the function of GRKs, the regulation of GRKs activity
and the role of GRKs in human tumors.

DISTRIBUTION AND STRUCTURE SPECIFICITY OF GRKS

GRKs consist of a family of seven mammalian serine/threonine
protein kinases, named GRK1 ~ GRK7 according to the time they
were found. Based on sequence homology, the members of the

GRK family can be subdivided into three main groups: the visual
GRK subfamily (GRK1 and GRK7); the GRK2/GRK3 subfamily, which
consists of GRK2 (B-ARK1) and GRK3 (B-ARK2); and the
GRK4 subfamily (GRK4, GRK5, and GRK6) [1]. GRK1 and GRK7 are
mainly distributed in the retina, whereas GRK2, GRK3, GRK5, and
GRK6 are distributed widely in the heart, brain, lung, kidney, and
other tissues. GRK4 is primarily in the testes and has weak
expression in some brain regions and the kidney [9]. Moreover,
the distributional differences of GRKs present high specificity in
their receptor preference.

The seven isoforms of GRKs share a number of structural and
functional similarities. The basic structure is mainly composed of
three parts, including the N-terminal domain, catalytic domain, and
C-terminal domain. The N-terminal domain of GRKs is a region that
may be important in receptor recognition. The C-terminal domain
of GRKs contributes to their subcellular localization and agonist-
dependent translocation [10]. In addition to the visual GRKs, other
subtypes share a regulator of G-protein signaling (RGS) domain
within the N-terminus region, which may be involved in GRK
regulated signal transduction via a phosphorylation-independent
mechanism [11]. In addition, signal transduction of GRK4-6 is highly
correlated with catalytic activity. The C-terminal of GRK2 and GRK3
is longer than that of the GRK4 subfamily and contains a 125-
amino acid pleckstrin homology (PH) domain. This domain plays an
important role in the targeting and translocation of cytosolic GRKs
to membranes after GPCRs activation [12].

FUNCTION AND KINASE ACTIVITY MODULATION OF GRKS
GRKs were originally identified as inhibitors of GPCRs signaling.
Activated GPCRs are the targets of GRKs, which phosphorylate the
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Table 1. Roles of GRKs in different cancer types
Cancer GRK isoform Change Functional effect Reference
Glioblastoma multiforme GRK3 Down Increased growth of two different GBM cell lines [37]
GRK5 Up Positively correlated with aggressiveness of glioma. Increased the [38]
proliferation rate of GSC
Medulloblastoma GRK6 Down  Enhanced cell migration and CXCL12-mediated phosphorylation of ERK [39]
Thyroid carcinoma GRK2 Up Reduction in proliferation of two poorly differentiated thyroid cell lines [41]
GRK5 Down  Defect in homologous desensitization of the TSH receptor [40]
Breast cancer GRK2 Up Maintenance of tumoral proliferation and survival through regulating [42]
HDAC6/Pin1 axis
GRK3 Down Increase of CXCR4-mediated invasion and metastasis of breast cancer cell  [47]
GRK4 Up Enhanced cell proliferation by activation of ERK and JNK through p-arrestin [48]
Ovarian neoplasm GRK2, GRK4 v/6 Up Elevated in granulosa cell tumors [49]
Prostate cancer GRK2 Down  Trigger androgen-independent tumor growth [51]
GRK3 Up Increased angiogenesis, prostate tumor growth and metastasis [52, 53]
GRK5 Up Increased proliferation, invasion, and metastasis of prostate cancer [17, 54, 55]
Colorectal cancer GRK5 Down Increased proliferation regulated by TIG1 [57]
Hepatocellular carcinoma GRK2 Down Increased cell proliferation, migration and invasion [58-61]
Pancreatic cancer GRK2 Up Accelerated cell growth. Predictive for poor overall survival of pancreatic ~ [62, 63]
cancer
Lung cancer GRK6 Down  Promoted tumor angiogenesis by upregulating MMP-2, MMP-9 release. [64, 65]
Decreased survival
Oral squamous cell carcinoma GRK3 Up Tumor malignancy and invasion [67]
Multiple myeloma GRK6 Up Increased survival by enhanced phosphorylation of STAT3 [68]
Kaposi's sarcoma GRK2 Down Enhanced migration and invasion of endothelial cells via activation of [69]
CXCR2/Akt
Osteosarcoma GRK5 Up Decreased apoptosis by phosphorylating p53 and promoting its degradation [71]

specific intracellular domains of receptors. This event promotes
the recruitment of B-arrestins, thus leading to uncoupling from G
proteins and GPCRs internalization [13]. This rapid desensitization
process helps uncouple phosphorylated receptors from the G
proteins, thus abrogating further signal transduction. Moreover, 3-
arrestins also serve to mediate the internalization of certain GPCRs,
which may regulate cellular activity both by mediating long-term
desensitization through the degradation of receptors and by
recycling desensitized receptors back to the cell surface to initiate
other signaling [14].

Emerging evidence also suggests novel functions of GRKs at the
receptor interface, including regulating non-GPCRs and non-
receptor substrates or participating in cellular responses in a
phosphorylation-independent manner [15]. GRKs can also regulate
signaling mediated by membrane receptors that do not belong to
the GPCRs, such as tyrosine kinase receptors of the insulin-like
growth factor (IGF), platelet-derived growth factor (PDGF), and
epidermal growth factor (EGF) families [16-19]. For example,
activated EGFR attracts the recruitment of GRK2, leading to its
phosphorylation at tyrosine residues, thereby increasing its
catalytic activity, which terminates opioid receptor transregula-
tion. In addition, GRKs also identify a number of non-receptor
substrates, including tubulin, Smads, ezrin, p38 MAPK, and
phosducin, which can be phosphorylated by GRK2 [20, 21]. Other
substrates such as histone deacetylase 5 (HDAC5) can be
identified and phosphorylated by GRK5 [22]. Some phosphoryla-
tion events led to an inhibitory effect, but other phosphorylation
events may cause stimulatory effects. For example, GRK2 inhibits
transforming growth factor B (TGF-B)-mediated cell growth
inhibition and apoptosis by inducing R-Smads phosphorylation,
whereas GRK5 phosphorylates HDACS5, a repressor of myocyte
enhancer factor-2 (MEF2), enhancing the activation of MEF2,
which induces MEF2-mediated gene transcription [15, 20, 22]. In
addition to the phosphorylation-dependent manner discussed
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above, GRKs also modulate cellular responses in a
phosphorylation-independent manner. GRKs were reported to
associate with Gaq, Gy, PI3K, caveolin, MEK, Akt, Raf kinase
inhibitor protein (RKIP), RalA GTPase, and the APC protein [10, 23—
27]. For example, upon agonist stimulation, GRK2 interacts with
PI3Ky, favoring PI3K recruitment to the membrane and contribut-
ing to receptor endocytosis and desensitization [26].

GRKs are capable of interacting with many cellular components,
which are involved in the direct modulation of kinase activity and
subcellular targeting. GRK2 and GRK3 contain a PH domain
(residues 561-655) that partially overlaps with a GPy-binding
region [12]. By binding GBy, GRK2 activity is increased by promoting
the GPCR-mediated allosteric activation of this kinase. Cellular
calcium levels appear to regulate GRKs activity via the interaction of
calcium-sensing proteins [28]. Calmodulin, a universal mediator of
calcium signals, can inhibit the activity of GRK2-6 with different
potencies. Calmodulin interacts with GRK2 at sites located at both
the N- and C-terminal domains of the kinase (residues 18-37 and
593-689), leading to direct inhibition of GRK2 activity [29]. In
addition, some other kinases emerge as important for modulating
GRKs activity and protein stability, such PKA, PKC, c-Src, and MAPK
[30-33]. These protein kinases regulate the activity of GRKs not only
by directly phosphorylating GRKs but also by mechanisms of
combination. Moreover, caveolin and RKIP also play an important
role in the regulation of GRKs activity [34, 35]. Therefore, GRKs
phosphorylate GPCRs and modulate the non-GPCRs, and their own
activity can be regulated by many factors as well.

ROLES OF GRKS IN TUMORS

Emerging evidence indicates that GRKs act as oncomodulators [36],
which contribute to cancer progression via different mechanisms
depending on the specific tumor and cell type (Table 1).
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GRKs in central nervous system cancers

The C-X-C chemokine receptor type 4 (CXCR4) is highly expressed
and has prognostic significance in brain tumors. Woerner et al.
found that the alteration in CXCR4 function is correlated with
increased ERK-dependent phosphorylation and inhibition of GRK2.
The data suggest that changes in GRK expression or activity may
promote oncogenic GPCRs function [37]. On this basis, further
investigation identified that GRK3 expression is frequently
decreased in glioblastoma multiforme (GBM), which possesses
signature amplification or mutational activation of the EGF
receptor [37]. The results indicate that GRK3 is a negative
regulator of cell growth in GBM, whereas GRK5, another member
of the GRK family, is significantly upregulated in GBM compared to
low-grade glioma. Moreover, aggressive recurrent GBM, which is
often resistant to chemotherapy and radiation, expresses even
higher levels of GRK5, and knockdown of GRK5 with shRNA results
in a significant decrease in glioblastoma-derived stem cell (GSC)
proliferation [38].

Metastasis in medulloblastoma (MB) is a reason for poor
survival. Previous studies reported that overexpression of the
PDGF receptor (PDGFR) promotes migration through ERK-
dependent activation in MB. Relative to other GRK isoforms, the
percentage of GRK6 expression is lower in MB tumors with
metastasis (22%) compared to those without metastasis (43%).
These data lead to the conclusion that overexpression of
GRK6 suppresses growth factor receptor/PDGFR-Src-mediated
CXCR4 signaling by inactivating the phosphorylation of ERK,
which promotes MB cell migration [39]. Therefore, targeting GRK6
may represent a potent new therapeutic strategy for MB.

GRKs in thyroid carcinoma

The thyrotropin receptor (TSHR) plays an important role in the
proliferation and differentiation of thyroid cells, which is mediated
by cAMP via an adenylylcyclase-activating Gs protein. TSHR
belongs to the GPCR family, which can be regulated by GRK2
and GRK5. Métayé et al. [40] demonstrate that GRK5 protein
expression is significantly decreased in differentiated thyroid
carcinoma (DTC), whereas GRK3 and GRK6 proteins were not
detected in human thyroid tissue. Moreover, this study indicates
that the decrease in GRK5 expression may cause a reduction in the
desensitization of TSHR in DTC, contributing to increased cAMP
levels in these tumors. However, another study shows an
increased expression of GRK2 in non-medullary thyroid cancers
compared with adjacent normal tissues. Surprisingly, GRK2
reduced cell proliferation instead of stimulating it, revealing a
new role for this kinase in the growth of thyroid cancers [41]. The
mechanisms remain to be further explored.

GRKs in breast cancer

Recent data from Nogués et al. [42] indicate a relevant
oncomodulator role of GRK2 in breast tumorigenesis. Elevated
GRK2 protein levels are observed in breast cancer cell lines and in
a significant proportion of invasive ductal carcinoma patients,
whereas endothelial GRK2 expression is decreased in human
breast cancer vessels [43]. Increased GRK2 functionality promotes
the phosphorylation and activation of histone deacetylase 6
(HDACES), leading to de-acetylation of the prolyl isomerase Pin1, a
central modulator of tumor progression. The activation of GRK2-
HDAC6-Pin1 signaling helps trigger a self-perpetuating positive
feedback loop of growth factor transduction cascades, thus
driving cell survival and proliferation [42]. In contrast, down-
regulation of GRK2 in endothelial cells is relevant in triggering the
tumor angiogenic switch by altering the response to TGF-f and
other angiogenic stimuli [43]. These data raise new questions
regarding the integrated impact of potential GRK2 inhibitors in
breast cancer development. Exploring the potential role of GRK2
in the modulation of crosstalk among other pathways and GPCRs
in breast cancer cells is an attractive area for future research.
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Triple negative breast cancer (TNBC) accounts for approximately
15-20% of all breast cancers and is a heterogeneous disease that
has a poor prognosis and limited treatment options [44, 45]. Most
TNBC is associated with high CXCR4 expression and increased
metastatic potential [46]. Analysis of public human breast cancer
microarray data shows that GRK3 is expressed at statistically
significant lower levels in tumor cells compared to normal breast
tissue, and there is an inverse correlation between GRK3 and
CXCR4 expression. High CXCR4 levels in human TNBC cell lines,
combined with decreased intracellular regulatory GRK3, lead to
impaired receptor internalization and more active C-X-C motif
chemokine 12 (CXCL12)-mediated migration of breast cancer cells
[47]. Silencing GRK3 expression does not appear to influence cell
proliferation or detachment-induced death. Furthermore, GRK3
deficiency enhanced mammary tumor formation and lung and
liver metastasis in an in vivo syngeneic mouse model [47].

GRK4 is highly expressed in human breast cancer, but not in
normal epithelia. In addition, GRK4 overexpression activates MAPK
through ERK and JNK phosphorylation and enhances the
proliferation of breast cancer-derived cell lines, whereas
GRK4 silencing promotes the opposite effect. Notably, silencing
of B-arrestin 1 and 2 blocked the effects of GRK4 overexpression,
suggesting that GRK4-mediated activation of MAPK module and
breast tumor cell growth by favoring B-arrestin pathways [48].
These data suggest that GRK4 may be implicated in breast cancer
carcinogenesis.

GRKs in ovarian neoplasm

Granulosa cell tumors (GCT) are serious ovarian neoplasms that
can occur in women of all ages. Researchers examined GRKs
expression in nonmalignant human granulosa cells and in the
human GCT cell line KGN. GRK4 is expressed as multiple splice
variants. The variants for GRK4 are designated as a, 3, y, and 8. The
results show that KGN tumor cells express significantly less GRK4
a/B protein and higher levels of GRK2 and GRK4 y/6 protein
compared to nonmalignant human granulosa cells. In human GCT
samples, GRK4 a/f3 protein was detected in 3 of 13 tumor samples,
whereas GRK4 y/6 and GRK2 protein expression was detected in
all samples [49]. In addition, the differential expression of either
GRK2 or GRK4 isoforms may result in impaired follicle-stimulating
hormone (FSH) receptor uncoupling and desensitization. However,
further confirmation is needed to determine the mechanisms of
action.

GRKs in prostate cancer

Prostate cancer accounts for approximately one-third of all
male cancer cases in the United States [50]. Immunohistochem-
istry (IHC) on a tissue microarray containing 651 cores of
primary prostate cancer samples and benign prostatic hyperpla-
sias (BPH) from 175 patients shows that a subgroup of patients
with high Gleason scores (Gs7-9) is characterized by a complete
loss of the GRK2 protein [51]. Down-regulation of GRK2 may
constitute a mechanism to trigger androgen-independent tumor
growth.

However, another group shows that GRK3 is overexpressed in
human prostate cancers, particularly in metastatic tumors. GRK3 is
not only necessary for the survival and proliferation of metastatic
cells in vitro and in vivo, but is also sufficient to promote primary
prostate tumor growth and metastasis in mouse xenograft
models. Furthermore, GRK3 stimulates angiogenesis, at least in
part, through the down-regulation of thrombospondin-1 and
plasminogen activator inhibitor type 2 [52, 53]. These findings
support a role for GRK3 in human prostate cancer progression,
and GRK3 may serve as a novel biomarker or part of a panel of
biomarkers for prostate cancer progression.

GRK5 was discovered with high expression in the aggressive
prostate cancer PC3 cell line, and its siRNA knockdown attenuates
cell proliferation. A study showed that GRK5 knockdown leads to
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G2/M arrest in the cell cycle, suggesting great significance of GRK5
in tumor growth. Kim et al. [54] provide support that GRK5 activity
is critical in regulating Rb-mediated E2F transcriptional activity,
cell cycle progression, and tumor growth. Moreover, knockdown
of endogenous GRK5 expression attenuates the migration and
invasion of prostate cancer cells and increases cell attachment and
spreading. In the mechanism involved, GRK5 forms a complex
with moesin and phosphorylates moesin principally on T66
residue [55]. Recent research demonstrates the enrichment of
GRK5 and GRK6 in exosomes from prostate cancer cells, both of
which regulate Src and IGF-I receptor signaling and are implicated
in cancer [17]. Therefore, these results indicate that GRK5 may
potentially be exploited for therapeutic targeting in prostate
cancer.

GRKs in digestive system cancers

Colorectal cancer remains the fourth most commonly diagnosed
cancer in the world. In colorectal cancer, studies found that the
EP4 receptor/B-arrestin/c-Src complex plays an important role in
prostaglandin E2 (PGE2)-mediated Akt signaling, suggesting that
GRKs/B-arrestins may be involved in regulating colorectal cancer
migration and metastasis. Thus, novel approaches targeting the
GRKs/B-arrestins pathway may provide new therapeutic advances
for the treatment of colorectal cancer [56]. Additionally, Wu et al.
provide a new role for the tazarotene-induced gene 1 (TIG1) in
colon cancer. TIG1 is a retinoid-inducible type Il tumor suppressor
gene. Knockdown of GRK5 expression relieves TIGTA-induced
growth inhibition of the colon cancer cell line HCT116, suggesting
that GRK5 mediates the suppression of cancer cell growth by
TIG1A [57]. Together, these data suggest a functional role for GRKs
as mediators of metastasis and cell growth in colorectal cancer,
while the regulation of GRKs likely contributes to control the
progression of colorectal cancer.

Hepatocellular carcinoma (HCC) is a complicated human disease
in terms of etiology and molecular carcinogenic mechanisms. An
increasing number of researchers are focused on developing new
strategies for HCC treatment. By inducing the overexpression of
GRK2 through recombinant adenovirus transduction in human
HCC cells, cell proliferation and apoptosis are investigated. These
data indicate that the anti-proliferative function of elevated GRK2
is associated with delayed cell cycle progression through G2/M
phase arrest and in a GRK2 activity-dependent manner [58]. Based
on this study, Wei et al. conducted further research on the role of
GRK2 in HCC. The effects of a decreased protein level of GRK2 on
the insulin-like growth factor 1 receptor (IGF-1R) signal pathway in
HepG2 cells are investigated. Knockdown of GRK2 increases the
phosphorylation of Akt, indicating a stronger activation of the IGF-
1R signaling pathway [59]. Recent data from our laboratory also
indicate an inhibitory role of GRK2 in HCC tumorigenesis. IHC
results demonstrate that GRK2 expression in human HCC tissues is
clearly decreased compared with tumor-adjacent and normal liver
tissues. Down-regulation of GRK2 expression in HCC cells by
transfection with GRK2 siRNA can significantly promote cell
proliferation, migration, and invasion [60]. Furthermore, reduced
levels of GRK2 induce a small cell cycle arrest at the G,/M phase by
enhancing the expression of cyclin A, B1, and E. GRK2 over-
expression inhibits the IGF1-induced proliferation and migration
of human HCC cells by downregulating early growth response
protein 1 (EGR1) [61]. These results indicate that enforced GRK2
may offer a potential therapeutic approach against HCC.

Contrary to HCC, GRK2 may play a protumoral role in pancreatic
cancer. Using a high-content screening approach, the results
demonstrate that the ADRBK1/GRK2 gene is not only significantly
overexpressed in human pancreatic cancer, but also mediates pro-
proliferative effects in pancreatic cancer cells. Recombinant
overexpression of the kinase in cell lines without endogenous
expression accelerates cell growth, whereas RNAi-mediated
knockdown of endogenous ADRBK1 expression significantly
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inhibits growth via induction of a G;/S cell cycle arrest [62].
Analysis of tissue microarrays confirms that the ADRBK1 protein is
undetectable in all non-neoplastic tissues (chronic pancreatitis
and normal pancreas), whereas it is readily detectable in 33 of 65
(51%) pancreatic ductal adenocarcinoma samples [62]. Consistent
with the results, another study by Zhou et al. [63] also found that
GRK2 is overexpressed in pancreatic cancer compared to
corresponding non-tumor tissues and may serve as a potential
indicator of an unfavorable prognosis. Therefore, GRK2 may
function as a proto-oncogene and serve as a prognostic indicator
for pancreatic cancer.

GRKs in lung cancer

Using murine models of human lung cancer, researchers
investigated the role of GRK6 in tumorigenesis. Mice deficient in
GRK6 exhibit a significant increase in Lewis lung cancer growth
and metastasis relative to control littermates (GRK6''"). GRK6
deletion has no effect on the expression of vascular endothelial
growth factor (VEGF) but upregulates matrix metalloproteinase
MMP-2 and MMP-9 release, thereby promoting tumor angiogen-
esis [64]. Studies in lung adenocarcinoma (LADC) show that GRK6
expression is significantly down-regulated in LADC patients but
high in normal lung tissue. Additionally, protein expression of
GRK®6 is significantly associated with staging and the pathology
grade of LADC [65]. Thus, decreased expression of GRK6 may serve
as an independent predictor of overall survival in LADC patients.

GRKs and other tumors

The melanocortin 1 receptor (MC1R), a GPCR, is a key regulator of
epidermal melanocyte proliferation and differentiation and is a
determinant of human skin phototype and skin cancer risk. GRK6
can inhibit MC1R agonist-independent constitutive signaling,
whereas expression of a dominant negative GRK2 mutant in
melanoma cells increases their cAMP response to agonists [66].
Moreover, stable transfection with GRK6 initiates a decrease in
agonist-stimulated cAMP production in melanoma cells. The
results suggest that GRK2 and GRK6 play a key role in modulating
the MC1R signaling pathway and may be determinants of skin
cancer.

In oral squamous cell carcinomas, overexpressed genes of the
B-adrenergic receptor complex were identified by cDNA array
analysis. It was found that malignant cells and surrounding tissue
overexpress the GRK3 (ADRBK2) gene. The B-adrenergic receptor
is closely related to cell proliferation, apoptosis, chemotaxis and
metastasis [67]. The study reveals that activation of the [-
adrenergic receptor by GRK3 in oral squamous cell carcinomas
may impart greater potential for tumor malignancy and invasion.

In myeloma cells, GRK6 inhibition is selectively lethal to KMS11,
INA6, and JIN3 myeloma cells. Furthermore, GRK6 is ubiquitously
expressed in lymphoid tissues and myeloma. Heat shock protein
HSP90 regulates GRK6 expression in myeloma, and GRK6 knock-
down causes a comprehensive loss of signal transducer and
activator of transcription 3 (STAT3) tyrosine phosphorylation and
promotes cytotoxicity [68]. The results indicate that inhibition of
GRK6 represents a uniquely targeted novel therapeutic strategy in
human multiple myeloma.

In Kaposi's sarcoma, down-modulation of GRK2 was reported,
leading to enhanced migration and invasion of endothelial cells
via activation of CXCR2/Akt signaling [69]. Kaposi's sarcoma-
associated herpesvirus (KSHV) may be involved in the pathogen-
esis of Kaposi's sarcoma and is consistently present in the tissues
of patients with Kaposi's sarcoma. KSHV contains a gene that
encodes a G protein-coupled receptor (KSHV-GPCR). Research by
another group showed that GRK5, but not GRK2, inhibits KSHV-
GPCR-stimulated proliferation of rodent fibroblasts [70].

Chen et al. identified p53, a key tumor suppressor, as a novel
GRKSs substrate in vivo, revealing a previously unknown function of
GRKs in the regulation of genome stability. GRK5 phosphorylates
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Fig. 1 Function and GRKs-mediated signal pathways. GRKs phosphorylate agonist-activated GPCRs, which allows the recruitment of -
arrestins, thereby terminating or inducing the GPCRs-mediated signal transduction pathways. In addition, GRKs can also interact with non-
GPCRs or non-receptor substrates, including participating in signal transduction in both a phosphorylated manner and non-phosphorylated
manner. This associated signal regulation by GRKs promotes or inhibits different cellular functions, such as cell growth, proliferation,

migration, metastasis, and survival

p53 at the Thr-55 residue and promotes its degradation, thus
inhibiting p53-mediated apoptosis in cultured human osteosar-
coma cells in vitro. Moreover, GRK5 knock-out mice show an
elevated p53 level in multiple tissue types [71]. The results suggest
that GRK5 may play an essential role in the regulation of genome
integrity and tumorigenesis.

PERSPECTIVES AND CONCLUSIONS

In the present review, we summarized recent evidence that
deconstructs the traditional concept of GRKs as merely GPCRs-
desensitizing kinases. Growing evidence indicates that GRKs play
an essential role in regulating non-GPCRs and non-receptor
substrates or participate in cellular responses in a
phosphorylation-independent manner (Fig. 1). The interaction of
GRKs with cellular proteins contributes directly or indirectly to the
modulation of kinase activity and subcellular targeting. Alterations
in GRKs activity and expression were found in the pathologies of
various diseases, including tumors. In recent years, a variety of
malignant tumors were found to associate closely with the
abnormal expression of different GRK subtypes and present
specific regulation in the progression of malignant tumor. For
example, GRK3 serves as a negative regulatory factor in
modulating glioblastoma tumor growth, whereas in oral squa-
mous cell carcinoma, GRK3 interestingly promotes tumor devel-
opment. Another finding is that GRK5 helps to promote the
proliferation of prostate carcinoma PC3 cells, whereas high
expression of GRK5 inhibits tumor cell growth in colon cancer
[54, 57]. Increasing data showed that signaling pathways involved
in the classical and novel role of GRKs, such as c-Src, MEK/ERK, and
PI3K/Akt, are also important to tumor progression. However,
further studies are needed to understand the complex mechan-
ism. Better knowledge of the regulation of GRKs in tumor-relevant
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signaling pathways and its functional consequences will help us
better understand the progression of tumors, as well as explore
potentially therapeutic targeting in malignant tumors.
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