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Downregulation of G protein-coupled receptor kinase 2
(GRK2) in endothelial cells has recently been identified as a
relevant event in the tumoral angiogenic switch. Based on
the effects of altering GRK2 dosage in cell and animal models,
this kinase appears to act as a hub in key signaling pathways
involved in vascular stabilization and remodeling.
Accordingly, decreased GRK2 expression in endothelial cells
accelerates tumor growth in mice by impairing the pericytes
ensheathing the vessels, thereby promoting hypoxia and
macrophage infiltration. These results raise new questions
regarding the mechanisms by which transformed cells trigger
the decrease in GRK2 observed in human breast cancer
vessels and how GRK2 modulates the interactions between
different cell types that occur in the tumor microenvironment.

Vascular networks play an essential role in maintaining the
homeostasis and growth of vertebrate organisms, and the some-
what complex process of angiogenesis is essential for vessel forma-
tion during embryonic development and physiological tissue
remodeling." Multiple cell types participate in physiological
angiogenesis, during which numerous signaling pathways must
be engaged and coordinated precisely through independent and
interdependent factors. However, angiogenesis is induced aber-
rantly in association with inflammation or tumors. Indeed, the
tumor microvasculature is usually very angiogenic and leaky,
with enlarged and dilated vessels that are lined with immature

2,

walls as a result of the loss of pericytes.>> These features cause

deficient blood supply to the tumor, and the ensuing hypoxia
triggers the secretion of diverse factors with proangiogenic and
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proinflammatory activities, further fostering abnormal vasculari-
zation and inflaimmation. In such a harsh microenvironment,
transformed cells often became more aggressive, displaying
increased proliferation, invasiveness, and drug resistance.

Through reciprocal interactions in the tumor-associated vascula-
ture, tumor-infiltrated immune cells and transformed cells
emerge as fundamental factors underlying cancer progression.

G protein-coupled receptor kinase 2 (GRK2) was recently
shown to be a key element in the creation of a permissive micro-
environment for tumor progression. In this review we discuss the
evidence that links GRK2 and other GRKs to the regulation of
different aspects of vessel formation in pathophysiological con-
texts. Specifically, we will focus on how GRK2 might affect the
interaction between vascular cells and other non-tumor cells in
the tumor microenvironment, how the latter might affect vascu-
lar GRK2 expression, and the potential relevance of vascular mat-

uration regulated by GRK2.

GRK2 Regulates Physiological and Tumor
Vascularization

G protein-coupled receptor kinases (GRKs) were initially
identified as key players in the desensitization and internalization
of multiple G protein-coupled receptors (GPCRs). In addition
to such canonical roles, GRKs also promote G protein-indepen-
dent transduction cascades downstream of GPCRs and initiate
alternative signaling pathways by phosphorylating and/or inter-
acting with partners other than GPCRs. Although the current
GRK2 “interactome” includes several potential modulators of
vascular homeostasis and remodeling, only recently has this
kinase been shown to be necessary for vessel formation and stabil-
ity. Angiogenesis involves several early morphogenetic steps, dur-
ing which endothelial cells (ECs) polarize, migrate, establish
cell—cell contacts, and form vessel lumens. These events are fol-
lowed by a stabilization step that is driven by pericyte apposi-
tion." Upon GRK2 downmodulation the behavior of primary
microvascular ECs is altered, as characterized by an increase in
motility and enhanced downstream signaling in response to key
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angiogenic stimuli such as vascular endothelial growth factor
(VEGF), sphingosine-1-phosphate (S1P), or serum. Similarly,
these cells lose the capability to organize into tubular structures
and the balanced secretion of proinflammatory and proangio-
genic factors is disrupted.

Endothelial GRK2 dosage modulates transforming growth
factor beta 1 (TGFB1)-mediated pathways.® TGFB1 is funda-
mental for the activation and resolution of angiogenic events
because diverse angiogenic stimuli control its production and
secretion, and TGF@ itself upregulates other key angiogenic
modulators.””® The cellular responses triggered by TGEB1 in
ECs are complex and contribute positively or negatively to endo-
thelial activation, in part due to the co-existence of 2 receptors
that drive opposite effects, activin receptor-like kinase 1 (ALK1)
and ALKS5, and their functional cross-modulation.®? In this sce-
nario, GRK2 levels can alter the balance in TGFB1 signaling
through ALK5 and ALKl mceptors6 (see below). Consistent
with this array of cell-autonomous endothelial defects, neovascu-
larization is impaired in both global and endothelium-specific
GRK2 knockout mice. In experimental models of angiogenesis,
loss of GRK2 compromises the ability of ECs to differentiate and
fuse into tubular structures and the adherence of pericytes
required for the formation of structured vessels. In more physio-
logical settings, such as embryonic or postnatal retinal neovascu-
larization, mice with a global or endothelium-specific deficit of
GRK2 develop vessels with altered morphometrics and reduced
mural coating. In the mouse retina, GRK2 depletion causes
delayed remodeling of the primary plexus, which has an excessive
vascular density and abnormal endothelial-pericyte interactions
that might impede effective pruning®. Remarkably, a reduced
level of GRK2 in the endothelium accelerates tumor growth in
mice, in addition to increasing the size of intratumoral vessels,
reducing pericyte coverage, and enhancing macrophage infiltra-
tion,® thereby strengthening many of the known hallmarks of the
tumor microvasculature.

GRK2 at the Crossroads of Endothelial Activation
and Vascular Maturation

The dynamic expression of GRK2 in the endothelium of the
developing vasculature suggests that it fulfills a pivotal role in vascu-
lar maturation and maintenance, as does its ability to regulate key
signaling pathways downstream of platelet-derived growth factor
(PDGEF), TGFB1, and bone morphogenetic protein 9 (BMP9)
receptors that are engaged in vascular stabilization and remodeling.
Indeed, the immature vascular phenotype associated with GRK2
depletion further corroborates this role. The cellular dosage of
GRK?2 is important in determining how ECs respond to different
physiological stimuli, such as VEGF, fibroblast growth factor
(FGF), PDGF, or TGFp, which orchestrate not only the functional
specification of activated ECs, but also their maturation (Fig. 1).
This dynamic interplay and the balance of the “tip” and “stalk” EC
ratio are central to angiogenic activation. Such aspects are defined
upon VEGF activation of ECs in pre-existing vessels through
Notch-mediated cell fate determination.'® Thus, VEGF upregulates
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the Notch ligand Delta-like 4 (D114), which mediates lateral inhibi-
tion of VEGF signaling in neighboring cells by downregulating
VEGFR2 and upregulating VEGFR1, a decoy receptor for the
VEGF ligand.11 As a result, a graded response to VEGF is estab-
lished in which the less common high responding cells become tip
cells and sprout toward the source of VEGF, while most of the adja-
cent cells are instructed to become weaker responders and convert
into stalk cells that follow the guiding tip cell and proliferate.'”
However, vessels in the tumor microenvironment are leaky and
immature as a result of their exposure to high levels of VEGF-A
derived from tumor cells, endothelial cells, and platelets. Such
abnormal vascularization is related to the negative and positive
effects of VEGF on PDGF-induced pericyte chemortaxis and differ-
entiation'” and sprouting activity®, respectively. GRK2-deficient
ECs do not produce more VEGE-A but they do display enhanced
VEGF-dependent signaling  and
responses.” It is tempting to speculate that GRK2 downmodulation

downstream chemotactic
could simulate the effects of an excessive and chronic VEGF chal-
lenge in tumors that are poorly equipped with this angiogenic factor.

In addition to the potential impact on VEGF signaling,
GRK?2 also influences secretion of endothelial PDGF-BB, a fac-
tor that regulates several steps in vessel formation. During angio-
genesis, PDGF-BB expression is restricted to immature capillary
structures (angiogenic sprouts) and is concentrated in the tip
ECs. Although the primary vascular target cells for PDGF-BB
are pericytes and vascular smooth muscle cells (VSMCs), the
endothelium also responds to this factor as FGF2-activated ECs
can upregulate PDGEFR receptors for autocrine PDGF-BB stimu-
lation."* Such autocrine regulation, although not well character-
ized, has been related to increased sprouting and remodeling,
proliferation, morphological reorganization, and anastomosis of
ECs (for a review see ref. 15). Since PDGF-BB secretion is
enhanced by GRK2 downmodulation in ECs,® this could exacer-
bate the “tip” cell character in ECs and augment the number of
unstable and immature vessels. This scenario is consistent with
the role of GRK2 as a desensitizer of PDGFR in VSMCs’,
whereby downregulation of PDGFR- signaling is a prerequisite
for the maturation of ECs."> However, the most relevant func-
tions of PDGF-BB are as a potent recruiter of mural cells and in
the promotion of pericyte/ VSMC coverage of nascent ves-
sels.”>'® Secretion and periendothelial retention of PDGF-BB
must be tightly regulated to form the proper chemotactic-like
gradients that efficiently guide pericytes to nascent vessels and
thereafter ensure their stable apposition.'>'” The higher levels of
PDGEF-BB secreted by GRK2-deficient ECs might disturb such
local gradients, contributing to the dissociation of pericytes from
the vessel in both xenograft tumors and in the developing and
normal adult tissues of mutant mice.®

Abnormal PDGF-BB secretion by GRK2-deficient ECs could
be secondary to improper tip/stalk specification, or may reflect
GRK2-mediated impairment of signaling pathways engaged in
its synthesis. Downmodulation of GRK2 stimulates the ALK5-
dependent Smad2/3 phosphorylation branch of the TGFB1 sig-
naling pathway (Fig. 1), which is reported to promote PDGF-
BB transcription.'® The enhanced stimulation of ALKS5-
dependent Smad2/3 phosphorylation observed in GRK2*" ECs
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Figure 1. Endothelial-specific loss of GRK2 impairs maturation and vascular remodeling in adult and developmental
angiogenesis. (A) Functional angiogenesis encompasses several sequential and interdependent steps that require
proper control of GRK2 expression. The initial activation phase involves perivascular cell detachment from pre-exist-
ing vessels, and the specification of activated endothelial cells into tip and stalk populations as a result of the integra-
tion of VEGF, ALK1, and PDGF signals with the Notch pathway. During the resolution phase, ECs cease to migrate and
proliferate and, instead, initiate tubulogenesis and membrane basement formation. Downmodulation of GRK2 dereg-
ulates the downstream signaling to such co-operating factors of endothelial specification, which might alter tip/stalk
specification and/or the maintenance of activated ECs. Vessel maturation and remodeling also occur in the resolution
phase, as mural cells are recruited for endothelial tube investment. Increased secretion of the mural cell attractant
PDGF by GRK2-deficient endothelial cells could disturb the local gradients needed to drive adequate intercellular
apposition of pericytes with ECs. (B) GRK2 regulates the TGFB-dependent state of the endothelium via simultaneous
modulation of the ALK5 and ALK1 pathways. GRK2 downmodulation not only decreases direct inhibition of Smad2/3
(in a kinase activity-dependent manner) but could also alleviate ALK1 signaling-mediated lateral inhibition of the

upon GRK2 downregula-

tion might affect all of these ALK1-regulated processes. In addi-
tion, the reduction in GRK2 could influence the crosstalk
between ALK1 and Notch that is involved in endothelial fate
selection and the differentiation of periendothelial cells.”® In par-
ticular, BMP9 activity on stalk cells stimulates Smad1/5 and its
downstream gene expression, including Notch targets that pre-
vent tip cell specification and the migration of ECs.*® Thus, both
ALK1 and Notch cascades cooperate in maintaining the stalk cell
fate of EC cells,”® which will ultimately undergo a process of
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tubulogenesis to form vessels.'® Inhibition of the tumor upregu-
lated Notch ligand DIl4 results in excessive tip cell formation
and proliferation, formation of immature vessels, and tissue
ischemia,' "%’ resembling the effects of GRK2 downmodulation.
ALK]1 activation also counteracts FGF-induced EC proliferation
and VEGF-stimulated angiogenesis,”® making it tempting to
speculate that ECs with litde GRK2 might be prone to adopt a
tip phenotype as a result of weaker ALK1/Notch synergism and
stronger ALK1/VEGF antagonism during EC commitment.
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However, GRK2-deficient ECs do not behave as “full” tip cells,
as suggested by the impaired sprouting and the reduced branch-
ing and filopodia formation at early developmental stages of reti-
nal vasculature. This is probably related to the fact that GRK2
also influences other angiogenic pathways. In this regard, GRK2
downmodulation could simultaneously strengthen the restrictive
effect of the ALK5-Smad2/3 signaling branch on sprouting.*’

Opverall, these results support the concept that GRK2 is a cen-
tral regulator of endothelial activation and vessel maturation, rep-
resenting a common signaling hub for different effector pathways
operating in distinct steps of angiogenesis.

How Does the Tumor Milieu Instruct Endothelial
Cells to Express Less GRK2?

Endothelial GRK2 protein expression is diminished in vessels
of human breast cancer but not in benign lesions, which corre-
lates with the increased vascular tortuosity, permeability, and
pericyte depletion in tumors. Poor vascular remodeling might
adversely skew progression toward malignancy and metastasis,
and this may be actively determined by systemic hormonal and
stress conditions, the stromal microenvironment of the tumor
and, ultimately, by transformed cells.>*** In this regard, condi-
tioned media from either melanoma or human breast cancer cell
lines of luminal or basal-like lineages, but not that from normal
mammary cells, significantly reduces the endothelial GRK2 dos-
age. Moreover, GRK2 is downregulated in activated human
microvascular ECs that are co-cultured with human colorectal
cancer cells in the presence of blood components.® Interestingly,
although these data suggest that aberrant vascular expression of
GRK2 might be a common feature of cancer, this may not be the
case for all types of cancer. Indeed, different tumor cells display a
distinct ability to downmodulate endothelial GRK2, which is
triggered by LS180 but not by HT-29 colon cancer cells, and is
triggered more rapidly and potently by MCF7 than by Hs578T
breast cancer cells. We speculate that such variability might have
implications in the clinical outcome of different tumors.

Influence of the proinflammatory milieu of transformed cells
and the intratumor immune cell infiltrate

Despite evidence that GRK2 expression is downmodulated at
the transcriptional level, there is little information available about
the mechanisms that govern this process.3 334 Analysis of the
human GRK2 gene promoter in aortic smooth muscle cells revealed
that transcription is enhanced by factors related to vasoconstriction
downstream of the GPCR-Gq signaling pathways,”® whereas
proinflammatory mediators such as interleukin (IL)-18, tumor
necrosis factor (TNF)a, and interferon (INF)y have the opposite
effect. Interestingly, IL-18 and TNFa are often released by tumor
cells in response to local hypoxia (Fig. 2). However, other tumor
factors released in relation to the transforming phenotype could
also be implicated in the paracrine regulation of GRK2.%° Identifi-
cation of the tumor-secreted factors that influence vascular GRK2
expression is an interesting goal for future studies.
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In addition, transformed cells interact in a paracrine manner
with distinct non-neoplastic components of the tumor, mainly
fibroblasts and immune cells, which leads to a “smoldering”
inflammation state that encourages cancer cell proliferation and
survival.””*® Secretion of diverse chemokines and VEGF-A by
tumor cells attracts myeloid cells, which in turn release a cocktail
of cytokines (including TNFa, IL-1B, and IL-6) that could
directly reduce GRK2 transcription in ECs. Moreover, inflamma-
tory mediators appear to affect post-transcriptional regulation of
GRK2 protein and its activity. Thus, autacoids such as reactive
oxygen species (ROS), nitric oxide (NO), and low-molecular-
weight S-nitrosothiols (SNO) are actively released by infiltrating
proinflammatory macrophages at eatlier stages of tumor growth
and can inhibit GRK2 translation®” and catalytic activity by
means of protein S-nitosylation.* In addition, cytokines whose
levels are increased by the tumor, such as IL-6, promote protea-
some-dependent degradation of GRK2 in blood peripheral

cells.>>4!

mononuclear Furthermore, proteasome-dependent
GRK2 downmodulation was noted upon acute exposure of brain
organotypic cultures to hypoxia/ischemia®® and in human umbil-
ical vein endothelial cells (HUVECs; personal observations).
Since GRK2 ubiquitination and proteasomal turnover is
enhanced by several receptors (including the B2AR receptor, see
below) through a mechanism involving GRK2 phosphorylation
by c-Src or MAPK,*** it is also possible that activation of these
pathways in the EC tumor context may trigger kinase reduction.
Thus, it is tempting to suggest that the relationship between
inflammation and vascular GRK2 might constitute a self-perpet-
uating pathological cycle that fosters tumor progression. The ves-
sel dysfunction promoted by GRK2 downmodulation would
trigger stronger hypoxia and myeloid infiltration, which in turn
would drive further endothelial GRK2 depletion. In this sce-
nario, the use of antitumoral antioxidant compounds to curtail
this aberrant cycle and “normalize” the tumor vasculature could

prove to be a useful approach.

Influence of tumor stress associated with activity
of the sympathetic nervous system

Behavioral stress is another tumor-related event that could regu-
late vascular GRK2 expression. Cumulative evidence indicates that
chronic neurosympathetic activity affects the activity of the immune
system,” as well as the malignant growth and dissemination of
tumor cells, through direct stimulation of $2-adrenergic receptors
(ARs).”% Several processes appear to underlie the influence of
BARs on tumor progression, including myeloid recruitment or
increased proinflammatory secretion, and angiogenesis triggered by
adrenergic stimulation of tumor and immune cells.*” It is tempting
to suggest that exposure of tumor vessels to circulating adrenaline
(released by the adrenal medulla) or, more significantly in a tumor
context, to tissue ischemia-induced norepinephrine release from the
sympathetic nerves,"”*® might influence endothelial cells and the
expression of GRK2. The interplay between BAR signaling and vas-
cular GRK2 expression has mainly been studied in the context of
cardiovascular and macrovasculature homeostasis.”>* The level of
circulating catecholamines and BAR activity correlates positively
with GRK2 protein and mRNA expression in different tissues and
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cell types.”’ These effects
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Figure 2. Vascular expression of GRK2 in the tumor microenvironment. Several cellular components of the tumor
stroma and of tumor cells themselves might be actively involved in the downmodulation of GRK2 in endothelial cells
(ECs). Within the reactive tumor stroma, macrophages and transformed cells secrete a variety of proinflammatory che-
mokines and cytokines, and bioactive NO and ROS molecules that target ECs might also trigger GRK2 downmodula-
tion through different mechanisms (inhibition of promoter activity or protein synthesis, stimulation of protein
degradation, or catalytic blockade). Hypoxia associated with the tumor-induced pathological remodeling of vessels
can also decrease GRK2 expression in ECs, thereby causing greater vessel disorganization that in turn creates further
pockets of hypoxia and escalates immune infiltration. Systemic chronic inflammation that results from continuously
challenging the vasculature with circulating and tissue inflammatory factors could also alter GRK2 expression at the
endothelium. Likewise, behavioral stress is responsible for local intratumor release of norepinephrine, which might
promote GRK2 protein decay in a BAR-subtype or cell context-specific manner. AR, adrenergic receptor; EC, endothe-
lial cell; NO, nitric oxide; ROS, reactive oxygen species.

suggesting  that
tight control of adrenergic
activity is needed to integrate angiogenic responses in injury and
repair. In keeping with this, 3-blockers have been suggested to
play a protective role in reducing the incidence of all cancer types
through their influence in tumor angiogenesis by inhibiting
B2AR receptor-mediated effects on both malignant cells and
tumor vessels*#’; however, the extent of such protection varies
among tumors, and moreover shows no relationship with clinical
outcome in some cohorts of breast cancer patients.”> These dis-
crepancies might be related to different off-target B2AR affinities
of the most commonly used selective B1-blockers, the distinct
proportion and dosage of receptor subtypes in BAR-bearing
tumoral and endothelial cells within a particular tumor, and/or
the different relative influence of BAR-mediated effects on the
behaviour of malignant cells versus the tumor microenvironment
in tumor growth and progression. Remarkably, infantile heman-
gioma (IH), which results from abnormal proliferation of endo-
thelial cells, has been shown to be effectively treated with non-
selective B-blockers such as propalnolol.56 These benign vascular
neoplasms are characterized by densely packed endothelial and
pericyte cells that form immature vessels resembling those result-
ing from GRK2 downmodulation. Hemangioma-derived endo-
thelial cells (HemECs) are rounded in shape and display
increased growth and migratory properties, whereas proliferative
pericytes show a diminished ability to adhere to and stabilize
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blood vessels.® Moreover, HemECs appear to be more sensitive
to paracrine/external stimulation by VEGF-A%®, and the prolifer-
ating phase of IH is paralleled by excessive VEGF production
and increased VEGFR-2 activity, which are partially dependent
on B2AR signaling.”” Based on these features it is tempting to
suggest that HemECs may express reduced GRK2 levels and that
the effects of propanolol on vessel stabilization may be partially
mediated by upregulation of this kinase. However, in the context
of other tumor pathologies, the effects of BAR challenge (and
B-blocker therapy) on endothelial GRK2 might be not straight-
forward, depending on the particular targeted cell type (tumoral
versus stromal components), cell microenvironment conditions
(hypoxic, inflamed, or tumoral), the specific adrenergic ligand
(epinephrine versus norepinephrine), or the relative abundance of
the BAR subtypes, which may distinctly affect the signaling path-
ways related to protein kinase degradation.

GRK2 and Tumor Angiogenesis: Beyond Endothelial
Regulation
Although our results highlight the vascular bed as the main

functional target, other cellular components of the tumor stroma
could contribute to GRK2-dependent malignant phenotypes
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(Fig. 3). In this regard, infiltration of immune cells into the
tumor microenvironment is a critical event in cancer progres-
sion,>*37:8 Interestingly, tumor progression is enhanced in
global systemic GRK2 hemizygous mice, a model in which other
cell types besides endothelial cells also have diminished GRK2.
Notably, despite showing similar endothelial expression of
GRK2, tumor growth is greater in Tie2Cre-GRK2"™ than in
Tie2Cre-GRK2™ mice (Table 1), suggesting that differences in
growth may also rely on non-endothelial host components, such
as macrophages. Indeed, these cells are major inflammatory com-
ponents associated with malignant tumors and although their
conventional role is to combat pathogens and to assist in adaptive
immune responses, in most cases they enhance tumor cell prolif-
eration and invasion.’>”®? Circulating monocytes are actively
recruited into damaged tissues where they specifically differenti-
ate into 2 major states with different activities depending on local

cues: the classically activated (M1)-polarized macrophages that
are cytotoxic to microbes or malignant cells and stimulate the
lymphocyte immune responses or the alternatively activated
(M2)-polarized macrophages involved in immunosuppression
and wound healing/tissue repair. In the tumor milieu, monocytes
lean toward a differentiation state that shares similarities with the
M2-polarized macrophages, thereby displaying potent immuno-
suppressive, proangiogenic, and protumoral properties.59’60

Effect of endothelial GRK2 dosage on tumor macrophage
recruitment
Specific signals recruit monocytes and guide them into the hyp-
oxic areas of the tumor; indeed, the highest density of tumor-asso-
ciated macrophages (TAMs) is found in such hypoxic foci in
breast and other tumors."* These foci are created by the concur-
rence of a dysfunctional microvasculature, which limits the oxygen
supply, and the presence of
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Figure 3. Proposed direct and vascular-mediated effects of GRK2 in angiogenesis induced by tumor-associated
macrophages. GRK2-deficient endothelial cells (ECs) display an enhanced ability to trigger macrophage migration
and an altered secretory profile of CXCL12, CXCL1, ET-1, and other macrophage regulatory factors that favor attrac-
tion, rolling, and extravasation of macrophages. Monocyte and macrophage chemotaxis is also dependent on GRK2
levels, and GRK2 downmodulation might influence the differentiation of myeloid cells in the tumor stroma. Some
pro-M2 factors such as IL33 can reduce GRK2 expression, which would alleviate GRK2-mediated CCL2 receptor
desensitization and the inhibition of the alternative NFkB pathway, thereby favoring M2 polarization. An increase in
the presence of tumor-associated macrophages and of macrophage polarization to M2-like profiles supports malig-

CCL4, colony-stimulating
factor-1, or CXCLS.
Reduced GRK2 expression
alters the endothelial pro-
duction of several of these
and might help

recruit monocytes to tumors,

factors

as indicated by the stronger

presence of macrophages in
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Table 1. Tumor growth in different mouse models with global or endothelial-specific alterations in GRK2 levels

Tumoral Host Environment

Expected dosage of GRK2 (according to the wild-type alleles of ADRBK1 gene)

Syngenic xenograft melanoma tumor

Mouse model Endothelial component

Macrophage component

Tumor size*, mm? (mean + SEM)

GRK2*/* ++
GRK2"/~ +
Tie2Cre-GRK2~ -
Tie2Cre-GRK2™"f -
Tie2Cre-GRK2* +

++ 172 £ 22
+ 822 + 158
+ 1,300 + 281°

++ 658 + 8*

++ 363 + 160"

*14 days after implantation, n = 4-9 mice
p < 0.05; 111<0.001 compared to GRK2™* mice

#p < 0.05,3 p < 0.05 compared to GRK2*/~ mice. Data adapted from Rivas et al.®

cancer lesions that develop in endothelial GRK2 specific-knock-
out mice and by the enhanced monocyte chemotaxis produced by
the EC-derived secretome from these mice.® Thus, higher levels of
potent macrophage chemoattractants, such as granulocyte-macro-
phage colony-stimulating factor (GM-CSF), placental growth fac-
tor 2 (PIGF2), Factor III, or CXCL16, are produced by GRK2*"~
mouse lung ECs,® while there is also an increase in the factors that
facilitate monocyte adhesion and extravasation through endothe-
lial layers, such as CXCL12 and ET-1.%® In addition, secretion of
the CXCR2 ligand KC (CXCL1) in the conditioned media of
these cells is strongly upregulated, which is involved in monocyte
chemortaxis®® and arrest on the endothelium as well as flow and
extravasation.®” Within the tumor mass, macrophages seem to fol-
low a gradient of hypoxia-induced chemoattractants such as
VEGEF, CXCLS8, or ET2, which are mainly produced by tumor
cells.®* In summary, endothelium-specific downmodulation of
GRK2 could favor the recruitment of macrophages to discrete
regions of the tumor by direct (EC secretome) and indirect (leaky
vessels leading to hypoxia) mechanisms, thereby fueling tumor
growth.

GRK2 and chemotactic responses of myeloid cells

Monocytes/macrophages from systemic GRK2 hemizygous
mice may display more potent chemotactic responses toward
tumor-derived homing signals, which might contribute to the
more effective growth of tumors in GRK2+/- and Tie2Cre-
GRK2"™ mice than in Tie2Cre-GRK2 fl/+ and Tie2Cre-
GRK2™ mice (Table 1). GRK2 is known to play an important
role in the motility of immune cells and is expressed strongly in
different types of immune cells, representing an important regu-
lator of the T Ilymphocyte, macrophage, and neutrophil
responses during inflammation.” Consistent with the “classic”
role of GRK2 in GPCR desensitization, reduction of its expres-
sion significantly enhances the chemotactic response of lympho-
cytes and neutrophils toward CCR5, CCR2, CXCR2, and
chemotactic receptors for substance P, SIP, or formyl-pepti-
des.®*®” Several reports have reflected the inability of neutro-
phils with increased GRK2 levels to migrate toward CXCL2 or
CXCL8 chemoattractants,”® while mobilization of macrophages
from global GRK2 hemizygous mice to CCL5 is enhanced.®’
Interestingly, lipopolysaccharide activation of TLR4 favors
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CCL2-induced migration of macrophages by disengaging
GRK2-dependent CCR2 receptor desensitization.”® Overall, it
is tempting to suggest that the concurrent downmodulation of
GRK2 in vascular endothelial cells and circulating monocytes
might foster further tumor growth (Table 1).

Interestingly, ECs and macrophages share common precursor
progenitors of myeloid origin during embryonic development,
suggesting that Tie2-driven recombinase activation and GRK2
depletion would affect both cell types at some point in their dif-
ferentiation. Despite the fact that expression of GRK2 in macro-
phages from 77e2-Cre/GRK2™" mice is no different from that in
wild-type animals,”" supporting the importance of the endothe-
lial component in the differential growth of tumors observed in
this animal model, it is still possible that in a pathological setting,
minor myeloid Tie2-positive lineages would be selectively mobi-
lized to participate in tumor growth. In fact, a subset of circulat-
ing Tie2-expressing monocytes (TEMs) has been shown to
represent a relevant proportion of the tumor immune cellular
infiltrate distinct from TAMs.>>”* TEMs are a rare cell popula-
tion in normal tissues but they actively home to the tumor stroma
in response to Ang2, a Tie2-ligand produced by activated ECs
and angiogenic vessels. Selective depletion of TEMs inhibits
tumor angiogenesis and causes tumor regression despite the pres-
ence of TAMs, suggesting that TEMs are critical for the tumor
angiogenic switch. It has been proposed that, in addition to
Ang2, TEMs might use tumor-secreted non-inflammatory medi-
ators other than those used by TAMs to be guided into avascular,
non-inflamed tumor regions. It is tempting to suggest that low
levels of GRK2 could facilitate the chemotaxis of these cells
toward some relevant cues, as occurs in the migration of macro-
phages toward inflammatory mediators. Changes in GRK2
expression levels by TEMs (or TAMs) might modulate the tumor
homing of these cellular populations and the outcome of tumor
progression, an interesting issue to address in future studies.

A role for GRK2 in macrophage polarization?

Finally, decreased expression of GRK2 in the tumoral vascular
bed and/or the myeloid infiltrate might also influence the pheno-
typic TAM commitment. Although M2 marker-based characteri-
zation of TAMs has not been addressed in tumors grown in

Ti2Cre-GRK2™ mice, the higher levels of adrenomedullin in the
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tumor stroma suggests there is an increase in M2-like differenti-
ated TAMs in these mice.® M2 macrophages play a fundamental
role in several aspects of tumor progression through their rela-
tionship with vascular cells in stimulating angiogenesis, with
other immune cells in suppressing adaptive immunity, with
fibroblasts to induce extracellular matrix remodeling, and with
transformed cells to promote invasion and metastasis.”® Different
molecular pathways have been implicated in directing macro-
phage differentiation. Cytokines such as GM-CSF, IFN-y, and
IL-1, and toll-like receptor (TLR) activation can polarize mono-
cytes the M1 macrophage subtype with a
“proinflammatory” cytokine profile, whereas challenge with M-
CSF, CCL2, and interleukins IL-4, IL-10, and IL-13 produces
an “anti-inflammatory” cytokine profile similar to that of M2
macrophages.® Interestingly, the effectiveness of some of these
pathways can be modified by GRK2 expression. CCR2-receptor
responses to the M2-polarizing chemokine CCL2 are desensi-
tized by GRK2 in different cell types.”>”* Moreover, the NFkB
pathway that is central to macrophage activation and differentia-
tion is also modulated by GRK2.”>”® Interestingly, the classic
NFkB pathway is activated in macrophages during early stages of
tumor initiation but this is not the case in advanced tumors, in
which M2-like TAMs have high levels of p50 homodimers and
the ant-inflammatory IL-10, an situation that we hypothesize

toward

could be favored in tumors growing in systemic GRK2 hemizy-
gous mice. Furthermore, the M1-polarizing activation of TLR4
receptors promotes GRK2 upregulation in macrophages”” and
neutrophils,”® which also undergo a sort of M1 polarization,”
whereas the M2-differentiating factor IL-33 prevents such upre-
gulation in myelomonocytic cells.®® Indeed, the re-routing of the
polarization of adipose tissue-resident macrophages from a M2
to M1 phenotype in obesity is associated with upregulated
GRK2 expression in many different cell types.®’ Therefore, it is
tempting to suggest that reduced monocyte expression of GRK2
could favor M2-like polarization in the tumor milieu.

Role of Other GRKs in Tumor Angiogenesis:
Brothers in Arms with GRK2?

There is cumulative evidence that changes in GRKs are rele-
vant events in tissue-specific tumor progression, as their key roles
in the regulation of many cell processes and signaling pathways
can be conditionally harnessed by transformed cells depending
on the tumor GPCR profile, oncogenic pathways, and environ-
mental insults. The impact of different GRKs on tumor angio-
genesis might be related to the modulation of GPCR activity,
either by triggering receptor desensitization or by mediating
G-protein independent receptor signaling.* Numerous chemo-
kines act as direct pro-angiogenic factors, whereas other GPCR
agonists (catecholamines, S1P, or thrombin) stimulate produc-
tion of master angiogenic drivers such as HIFla or VEGE.%
The few studies addressing the role of GRKs in tumor angiogene-
sis have focused on the consequences of overall changes in GRK
expression either in the transforming cell itself or in the host
tumor tissue, but not specific alterations in the vascular
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component of the tumor. As such, endothelial GRK2 is the only
isoform that has been directly implicated in the control of tumor
angiogenesis.

In terms of other GRKs, downregulation of GRK3 has been
correlated with increased proliferation of glioblastoma cells, both
in a cell-autonomous manner and through a paracrine, endothe-
lial-mediated effect.®” Conversely, increased GRK3 expression
has been reported in prostate tumors cells that require this kinase
for survival and proliferation of the transformed cells, whereas its
overexpression fosters primary tumor growth and metastasis
through the induction of angiogenesis.84 However, whether vas-
cular GRK3 expression is altered or required to support angio-
genesis in different tumors has not been addressed. Alternatively,
expression of GRK5 (but not of GRK2) in endothelial cells
attenuates the production and secretion of several proangiogenic
cytokines by inhibiting NFkB transcriptional activity,®” which
provokes impaired iz vitro tube formation and 7z vive angiogene-
sis in models of wound healing and chronic ischemia. These
results suggest that vascular GRKS5 levels might influence tumor
angiogenesis. Interestingly, intratumor administration of a
GRKS5-based inhibitor of NFkB activity impairs the formation of
tumor vascularization.®® However, the tumor component (tumor
cells or vascular cells) involved in the antitumoral properties of
GRKS5-derived constructs and the cellular dosage of GRK5 in
such tumor components remain unknown.

Furthermore, xenograft tumors implanted in systemic GRKG
knockout mice grow faster and more aggressively and with
greater intratumor microvascular densities, which correlates with
increased immune cell infiltration of myeloid origin and higher
levels of stromal MMP9 and MMP2 metalloproteases.87 GRKG6
deficiency blunted CXCR2 desensitization, suggesting that
enhanced tumor growth might be a consequence of improved
chemotactic motility, tumor homing, and protumoral neutrophil
activity in these animals. However, GRKG6 deficiency may also
affect the proangiogenic function of the vascular cells and,
indeed, GRK6 expression has been reported to be confined to
vascular structures in some tumor tissues."> Moreover, vascular
ECs are one of the CXCR2-positive cellular components in the
tumor stroma, and endothelial activation of CXCR2 augments
the rate of angiogenesis.*® Therefore, it is possible that downre-
gulation of vascular GRK2 in tumors might coexist with altera-
tions in the profile of other GRKs, which would together shape a
protumoral vasculature. Interestingly, a compensatory increase in
expression of the closely related GRK3 isoform was not detected
in mouse lung endothelial cells from global GRK2 hemizygous
mice, whereas expression of GRK6 was modestly decreased.
However, the pathophysiological function of GRK2 in vessel for-
mation might be unique as there is no functional compensation
for its loss by other GRKS, as suggested by the vascular malforma-
tions of embryo and adult Tie2Cre-GRK2™" mice. Overall, it is
tempting to suggest that altered levels of GRKs other than GRK2
may direct the scale of the activation phase of angiogenesis and
the number of vessels in tumors, whereas the expression of
GRK2 may shape the phenotypic characteristics of these vessels,
in line with the notion that tumor size correlates better with the

quality of the vessels than with the vascular density.*””°
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Concluding Remarks and Perspectives

A decrease in endothelial GRK2 has a pivotal effect by con-
tributing critically to the impaired pericyte—endothelial cell—cell
interactions that characterize the immature tumor vasculature,
thereby favoring vessel instability, increased permeability, and
enhanced access of different cell types to the tumor in order to
promote disease progression. Remarkably, vascular GRK2 is spe-
cifically downregulated in intratumoral vessels, whereas vessels in
the normal tissue surrounding the tumor or in benign lesions
retain kinase expression. Tumor-driven downregulation of endo-
thelial GRK2 harnesses the role of GRK2 in vessel formation and
stability in order to generate a microenvironment permissive for
cancer progression. This challenging notion may have important
pathophysiological implications and should prompt further stud-
ies to assess its feasibility as a novel marker of pathological vascu-
lature and as a potential target for therapeutic strategies aimed at
vessel normalization in cancer. The fact that GRK2 represents a
common signaling hub for many receptors involved in endothe-
lial activation and maturation suggests that its modulation may
simultaneously rewire signaling from the VEFG, PDGF-BB, and
TGEB1 pathways.

Antiangiogenic treatments, such as those based on anti-VEGF
strategies, commonly fail because of compensation by parallel
pathways or resistance at the receptor level,”’ which could be
overcome by targeting signaling hubs. However, several questions
arise related to the use of endothelial GRK2 downmodulation to
combat tumor angiogenesis. For example: Will preventing endo-
thelial GRK2 downregulation ameliorate tumor growth or
aggressiveness, and does GRK2 upregulation have the opposite
effect in vascular remodeling? What are the relevant GRK2-inter-
acting proteins involved in vessel maturation? Likewise, the pre-
cise contribution of GRK2 kinase activity to different aspects of
vascular remodeling remains to be determined. While it is attrac-
tive to anticipate that vessel normalization by preventing the
reduction in GRK2 might divert a tumor toward a dormant state,
it is also tempting to suggest that a potential synergistic effect of
GRK2 depletion and antiangiogenic therapies based on ALK1

blockage®” could successfully trigger complete vessel regression.
Conversely, it is unclear whether steady-state levels of endothelial
GRK?2 are related to metastasis. Cancer progression is character-
ized by the recruitment of macrophages to tumor tissues, a step
fostered by vascular GRK2 downmodulation, and to premeta-
static niches, where they condition the secondary localization of
tumor cells. This latter step could also be facilitated in the con-
text of reduced GRK2 expression.

Finally, epidemiological and clinical studies have shown that
various chronic inflammatory diseases predispose patients to the
risk of cancer, as noted for colorectal cancer in patients with
Crohn’s disease or ulcerative colitis, or pancreatic cancer in
patients with chronic pancreatitis, among others.” In this regard,
pathological angiogenesis in major inflammatory bowel condi-
tions (ulcerative colitis and Crohn’s disease) and in other inflam-
matory processes, such as rheumatoid arthritis or psoriasis, is
potentially a key factor in perpetuating disease.”* Remarkably, it
is well documented that GRK2 levels are decreased in human
patients suffering from inflammatory diseases (multiple sclerosis,
rheumatoid arthritis, sepsis),s’66 suggesting that suppressed
GRK2 levels might be important for long-term immaturity of
the vascular system and cancer risk.
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