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ABSTRACT

THE ROLE OF G-PROTEIN COUPLED RECEPTOR KINASE 2 IN MUCOSAL
INFLAMMATION

By

Michael Steury

G-protein coupled receptor kinases (GRKs) are a family of protein kinases
comprised of seven serine/threonine kinases that were initially identified for their ability
to phosphorylate G-protein coupled receptors (GPCRs). Furthermore, it has recently
become evident that individual GRKs can interact in a kinase dependent or independent
manner with non-receptor substrates and influence a variety of physiological functions
and pathologies. This study focuses on the family member GRK2. GRK2 is expressed
ubiquitously throughout the body and in addition to phosphorylating and regulating
GPCR function, GRK2 is able to phosphorylate and/or interact with a large interactome
of cellular proteins in a tissue - and context - specific manner. This combination of
canonical and non-canonical roles of GRK2 is now attributed to a multitude of vital
physiological functions including: cell migration, proliferation, metabolism, angiogenesis,
and insulin resistance. This vast array of influence makes GRK2 a popular target of
study for both diagnostic opportunities as well as therapeutic interventions and while
GRK2 has been extensively studied in cardiac and immune cells its role in the intestine
and the intestinal epithelium is not well understood.

Inflammatory bowel disease is characterized by damage to the intestinal
epithelial barrier resulting in increased permeability and the resultant dissemination of
the commensal microbiota. This translocation of the luminal contents into the lamina
propria constantly stimulates the immune system leading to its hyper-activation and

eventual damage to the intestine. Inflammatory bowel disease is associated with



increases in inflammatory cytokine production, namely TNFa and this study was
performed to investigate the regulation of GRK2 on TNFa signaling in the intestinal
epithelial cells and in a larger context its role in the regulation in onset and pathogenesis
of acute colitis. We found that decreasing the levels of GRK2 in human epithelial cells
influenced the induction of ROS production by TNFa that influences ERK1/2 signaling
and the production of MMP9 to influence wound closure both in culture and in animal
models. Furthermore, mice heterozygous for GRK2 were markedly protected from the
onset and pathogenesis of acute DSS-induced colitis in the absence of any alterations
in immune infiltration. Myeloid specific knockout studies showed this population to be in
part responsible for the protection seen in the whole body knockout. Together these
studies suggest that GRK2 may serve as a novel therapeutic option for the treatment of

colitis.
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CHAPTER 1: INTRODUCTION

This chapter represents an accepted manuscript ahead of print in the book “G Protein-

Coupled Receptors in Immune Response and Regulation” published by Elsevier.



HISTORY

Cells have the remarkable ability to adapt and respond to changes in their
environment through the recognition of extracellular signals from both the host as well
as invading pathogens. These signals come in a variety of forms from the host
environment including hormones, cytokines, and chemokines but also from microbial
substances such as lipopolysaccharides and the breakdown of products from our
dietary intake. Cells have developed sophisticated mechanisms for detecting and
responding to these signals, largely through the development of both extracellular and
intracellular receptors. Despite the abundance of receptor classes, one family
represents a large proportion of the receptor population, the G-protein coupled
receptors (GPCRs). This family of receptors is encoded by approximately 950 genes
and transmits responses to a wide variety of stimuli including odorants, hormones,
neurotransmitters, light, extracellular calcium, and many other stimuli regulating a wide
variety of biological processes [1]. These receptors are characterized by their seven
transmembrane domains that, when active, undergo a conformational change allowing
them to activate nearby heterotrimeric GTP-binding proteins (G-proteins). These G-
proteins are specialized proteins that have the ability to bind to nucleotides guanosine
triphosphate (GTP) and guanosine diphosphate (GDP) and form a complex composed
of a-subunits (Ga encoded by 16 genes) and By dimers (G encoded by 5 genes and
Gy encoded by 12 genes). When active, GPCRs can serve as guanyl nucleotide
exchange factors for these G-proteins, catalyzing the release of the bound GDP and
exchanging it for GTP which in turn causes the dissociation of the heterotrimeric G
protein in Ga and GRBy subunits [2]. These dissociated G-proteins then interact with

other effector proteins and secondary messengers to facilitate a large variety of



biological outcomes including both activation and inhibition. This activity is terminated
when the intrinsic GTPase activity of the Ga subunit causes GTP hydrolysis and the
formation Ga-GDP, leading to its re-association with GRy and the reformation of the
heterotrimeric G-protein complex. For a comprehensive review of G-protein activation
and regulation please see other excellent reviews [3—6].

Aside from the intrinsic GTPase activity of the G-proteins, G-protein mediated
signaling is most often terminated by a conserved two-step mechanism: receptor
phosphorylation by G-protein-coupled receptor kinases (GRKs) followed by arrestin
recruitment and binding to the activated receptor ultimately leading the internalization
and termination of the GPCR signal. Four genes encode arrestins; arrestin-1 and
arrestin-4 that are restricted to the retina, whereas arrestin-2 (3-arrestin-1) and arrestin-
3 (B-arrestin-2) are ubiquitously expressed throughout the body [7]. This process of
receptor desensitization is responsible for the decreasing the magnitude of stimulation
that GPCRs exhibit in response to prolonged exposure to agonist binding. This process
is initiated by various GRKs that are able to phosphorylate the intracellular loops and/or
the C-terminal domain of activated GPCRs and this phosphorylation directly leads to the
recruitment of multifunctional adaptor proteins, arrestins. Interestingly, some receptors
are regulated by a single GRK whereas other receptors can be regulated by multiple
different GRKs with varying affinities. Recently it has been suggested that there are
distinct phosphorylation patterns termed “barcodes” that determine (-arrestin
functionality and contribute to the diverse responses witnessed in GPCR activity after
phosphorylation [8]. This phosphorylation and subsequent binding of arrestins prevent
further activation of G-proteins resulting in the cessation of G-protein signaling despite

the continued presence of the agonist on the GPCR. Furthermore, this GRK-arrestin



interaction is able to then internalize the activated GPCR from the cellular surface
through the formation of clathrin-coated pits. During this internalization, signaling can
still occur through the binding of additional signaling proteins to the still attached arrestin
proteins where they may serve as scaffolding proteins. Recently, it was shown that this
interaction between B-arrestins and GPCRs form distinct conformational complexes and
that these complexes are specialized to carry out different cellular functions depending
on the relationship of their binding [9]. This converts the GPCR activation from
heterotrimeric G-protein signaling pathways to G-protein-independent pathways [10].
More recently it has been shown that G-protein signaling can be sustained within the
endosome through the formation of “megaplexes” indicating a possible new signaling
role for these receptors during internalization [11]. These alternative G-protein-
independent pathways are addressed in other reviews [7,12,13]. Because of this wide
array of biological stimuli and functionality, the regulation and control of these receptors
and their subsequent signaling is a potential target for pharmaceutical intervention. In
fact, the GPCR family of receptors represent the largest family of drug targets for a wide
variety of conditions including cardiovascular, metabolic, neurodegenerative, infectious,
and oncologic diseases [14,15].

As studies on the regulation of GPCRs continues to unfold, new roles for GRKs
have been emerging in addition to the part they play in GPCR phosphorylation. It is
now apparent that GRKs (and arrestins) regulate GPCRs in a canonical fashion but also
have GPCR-independent functions in cell signaling and biology. This non-canonical role
for GRKs has now been shown to have critical regulatory roles in the context of

inflammation and inflammatory diseases. In this review, we will investigate and discuss



the known and emerging roles for these GRKs in both GPCR-dependent and

independent functions in the context of inflammatory processes and pathologies.



GRK STRUCTURE AND FAMILIES

The discovery and association between G proteins and receptor-based signal
transduction developed through a progression of discoveries. Initially, it was discovered
that GTP was necessary for signal transduction upon receptor activation and when the
proteins were characterized that interacted with GTP to initiate the signaling cascade
they were termed “G-proteins” [16,17]. Our understanding of the regulation of GPCRs
then progressed through the identification of rhodopsin phosphorylation and that this
phosphorylation contributed to the rapid desensitization of rhodopsin signaling. This
desensitization was attributed to the “opsin kinase” now known as GRK1 [18]. It was
later in the mid-1980’s through the cloning of the (3-adrenergic receptor kinase (now
named GRK2) that it was demonstrated that GRK1 was, in fact, a member of a family of
related kinases that have a common mechanism that can recognize and regulate the
active state of a variety of GPCRs [19]. During this period, another protein was
discovered to have a regulatory impact and could dampen G-protein mediated retinal
signaling by also associating with rhodopsin. This protein (termed S antigen because of
its role in allergic uveitis) was then renamed “arrestin” because of its ‘arresting’ function
in retinal signaling [20—22]. It was then through further characterization of the
relationship between GRKs and arrestins that the canonical two-step inactivation
process of desensitization of GPCRs was established. As studies progressed the family
of GRKs expanded to include seven serine/threonine kinases including GRK3 [23],
GRK4 [24], GRK5 [25,26], GRKG6 [27] and GRKY7 [28,29]. These kinases are now
grouped based on their sequence similarities and are broken down into three

subfamilies: GRK1, composed of GRK1 (rhodopsin kinase) and GRK7 (cone opsin



kinase); GRK2, including GRK2 and GRKS3; and GRK4, made up of GRK4, GRKS, and
GRKB6.

Evolutionarily, GRKs are present in most vertebrate and invertebrates species as
well as identified in non-metazoan species, with the kinase domain being the most
evolutionarily conserved among the different GRKs [30]. All seven GRK members are
~500-700 amino acids long, multi-domain proteins containing a family specific N-
terminal domain, followed by a regulator of G protein signaling homology domain (RH
domain), an AGC protein kinase domain and a C-terminal domain [31]. The C-terminal
is variable (both in length and structure) among the different subfamilies and contains
structural elements that are partly responsible for the diversity of GRK function,
regulation, and interaction. Specifically, members of the GRK1 family have C-terminal
prenylation sites while GRK2 subfamily members have a pleckstrin homology domain in
their C-termini, that can interact with GRy subunits [32]. The GRK4 family members
have palmitoylation sites with the exception of GRKS that contains a positively charged
lipid-binding amphipathic helix in its C-terminus [33]. GRKS5 is also slightly different than
its family members due to the presence of a nuclear localization signal that allows it to
accumulate in the nucleus where it can act as a histone deacetylase kinase (although it
is predominantly cytoplasmic) [34]. Structurally, GRK1 and GRK7 genes (in humans)
contain 4 exons, GRK2 and GRK3 contain 21 exons, and members of GRK4 subfamily
have 16 exons. Compared to the differences and similarities in domains, tissue
localization of these kinases varies drastically between subfamilies. GRK1 and GRK7
are termed the “visual kinases” and are localized in the eyes, whereas the non-visual
kinases are distributed nearly ubiquitously throughout the body albeit at different

expression levels. This distribution holds true for all non-visual GRKs with the exception



of GRK4 that is restricted to the testis, the proximal tubule of the kidney, and the
cerebellum [35]. Although it was originally believed that all GRKs can phosphorylate
GPCRs equally recent studies have shown that the GRK2/3 and the GRK5/6
subfamilies differ in their ability to phosphorylate inactive GPCRs with GRK5/6 being
able to phosphorylate GPCRs in both the active and inactive conformations [36]. Since
the GPCR superfamily represents the largest class of receptors and there are only four
GRKs ubiquitously expressed throughout the body each GRK must be able to
phosphorylate and regulate a wide variety of receptors, thus increasing the importance

as well as the complexity of their role in signal transduction.



GRK REGULATION

GRKs play a vital role in the regulation and behavior of many biological
processes through a variety of regulatory mechanisms. It is perhaps due to this variety
of functions and interactions that they are so heavily conserved evolutionarily. One of
the first proteins that were shown to interact with and activate these GRKs was the Gfy-
subunits [37]. In addition to G-protein activation of GRKSs, lipids also have the capability
to regulate GRKs as well as other proteins including calmodulin, caveolin-1, ERK and
actin through direct binding [38,39]. Interestingly, these methods of regulation are not
conserved among the various subfamilies of GRKs. For example, GRK2 family
members are activated by phospholipids (phosphatidylinositol bisphosphate) through its
interaction with the PH domain in the C-terminus, whereas GRK4-like members are
activated by phosphatidylinositol bisphosphate through its binding to the N-terminal
polybasic region [40].

Phosphorylation has differing regulatory effects (either activation or deactivation)
on GRKs depending on exactly which kinase interacts with a given GRK or whether or
not that GRK undergoes autophosphorylation. To illustrate this contrasting regulation in
the case of the visual GRKs, phosphorylation by protein kinase-A or for GRK5 by
protein kinase-C causes a decrease in kinase activity [41,42]. In contrast,
phosphorylation of GRK2 by protein kinase-C enhances its activity [43]. Interestingly,
where GRK2 and GRKS can be phosphorylated by multiple kinases, there is no
reported evidence of phosphorylation of GRK3, GRK4 or GRK6. In addition to
phosphorylation, other post-translational modifications such as S-nitrosylation of GRK2
by nitric oxide synthase, has been shown to inhibit its activity [44]. These contrasting

effects highlight that there are GRK specific regulation and suggests that there are



multiple pathways involved in fine tuning each GRK’s response and ability to regulate
GPCRs, non-GPCRs, and non-receptor biological functions. GRKs similar to other
protein families that interact with GPCRs engage an inter-helical cavity that opens on
the cytoplasmic side of the GPCR after activation [45] and it is probable that GRKs
interact in a similar fashion to discern active versus inactive receptors [46]. In recent
studies, the crystal structures for various GRKs including GRK1, GRK2 and GRK6 have
been characterized and it was observed that the conserved 18-20 amino acids on the
N-terminal become helical and form an a-helix stabilizing the closed (active)
conformation allowing it to interact with both lobes of the kinase domain [47]. This
suggests then, that GPCR binding helps to promote GRK activity by helping to align
catalytic residues of the kinase domain indicating that GPCRs can serve as both the
substrate and the allosteric activators [48,49]. Furthermore, the mutation of this N-
terminus a-helix abolishes GPCR phosphorylation suggesting that this helix formation is
indeed the primary step in the activation of GRKs by GPCRs [50]. This mechanism sets
apart GRKs from other kinases that phosphorylate accessible residues (Ser, Thr, Tyr)
that are in a specific sequence context. Instead, in GRKs phosphorylation of Ser and
Thr residues are not strongly sequence context-specific and this context independence
may help to explain the versatility and flexibility of GRKs as seen in the fact that a small
family of proteins can interact with and regulate hundreds of different GPCR subtypes
[51]. This allosteric binding of GRKs by GPCRs essentially ensures that GRKs, when
bound, will phosphorylate nearby proteins with accessible loops, i.e. the intracellular
loops and tails of the receptor molecules that they are currently bound to.

In the early years of their discovery, this phosphorylation of GPCRs was believed

to be the only function of GRKs. With the identification of non-receptor substrates,
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however, it has been shown that these non-receptor substrates can be phosphorylated
more efficiently than peptides derived from cognate GPCRs [52]. This suggests that
there must be alternative mechanisms of activation other than binding to GPCRs but
these mechanisms still remain to be identified. One hypothesis about this non-GPCR
activation of GRKs stems from the idea that any physiochemical environment that

resembles the binding pocket found on GPCRs could favor GRK activation.
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ANIMAL MODELS OF GRK DEFICIENCY

Studies using knockout and transgenic mice as well as using viral-mediated
overexpression models have enabled researchers to begin to identify various
pathophysiological roles for GRKs. However, due to the nature of GRK function
involving the regulation of activated receptors, mice lacking these GRKs oftentimes
appear to function normally without the addition of a stressor. As indicated before,
GRKs also have dual functionality in various tissues by both suppressing G-protein
signaling as well as promoting signaling independent of G-proteins. Because of this loss
of regulation by any given GRK, knockouts can have differing effects that can either a)
allow enhanced or unregulated receptor signaling because of loss of desensitization or
b) alter the signaling cascade by preventing the switch from G protein signaling to non-
G protein pathways or c) alter the functionality of biological processes in a receptor-
independent fashion [53]. It is also possible that certain phenotypes don't present due to
compensation and overlapping roles of other GRKs present in the animal. For animals
that do have abnormal functionality, the most notable phenotype was in the GRK2
homozygous knockout animal that was embryonic lethal because of defective cardiac
development [54]. Interestingly, recent work has shown that this lethality, in fact, stems
from an undefined role of GRK2 in embryogenesis rather than a specific role in cardiac
development since mice with cardiac myocyte-specific GRK2 ablation develop normally
[55]. Intrigued by the extreme phenotype, GRK2 heterozygous mice were heavily
studied and GRK2 was shown to be important for heart development, lymphocyte
chemotaxis, experimental autoimmune encephalomyelitis, sepsis, atherosclerosis and
others making GRK2 one of the most heavily researched of all the GRKs. Studies

focusing on the other GRK knockout and over-expression animals have shown an
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important role in several distinct phenotypes including GRKS in olfaction [56]; GRKS in
cholinergic responses and inflammation; GRKG6 in chemotaxis, behavioral responses,
locomotor-stimulating effect of cocaine and others [57]. Interestingly, recent studies
crossing heterozygous GRKS5 and heterozygous GRK6 knockout mice in order to
generate GRK5/GRKG6 double knockout mice was found to be embryonic lethal though
the mechanism is unknown [58]. A detailed summary of all the phenotypes is provided
in Table 1. 1.

This culmination of research on the various GRKs ranging from the biochemical
and molecular machinations and functionality to the whole body knockout phenotypes
demonstrates a unique and essential role for this family of proteins. However, the role
that these GRKs play in specific inflammatory responses is only beginning to be
revealed. This review will focus mainly on our recent understanding of the roles that

GRKs play in the
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Table 1.1. Summary of GRKs and Associated Diseases
GRK Genotype Phenotype Reference
GRK1 GRK1 KO Photon responses are [59]
increased and longer-
lasting, loss of
phosphorylation of
rhodopsin.
GRK1 Overexpression | Increased damage to [60]
photoreceptors after intense
light
GRK2 Homozygous KO Homozygous KO is [54]
(whole body) embryonic lethal
Heterozygous KO Susceptible to B-Arrestin [55,61,62]
(whole body) stimulation; altered
progression of experimental
autoimmune
encephalomyelitis through
increased infiltration of CNS
by lymphocytes and
macrophages; increase in
lymphocyte chemotaxis
toward CCL4
Cardiac Specific KO Enhanced ionotropic [55]
sensitivity to isoproterenol;
lusitropic, tachyphylaxis
Cardiac Specific OE Decreased [3-arrestin [63]
signaling; attenuated
ventricular contractility
Cardiac Specific B- Enhanced contractility [63]
ARKCct
Cardiac Specific [3- Cardiac hypertrophy, [64]
ARKnt enhanced B-AR density and
signaling
GRK2-C340S Loss of nitrosylation- [65]
mediated cardioprotection
from postischemic injury
Myeloid Specific KO Increased Inflammation in [66—-68]

endotoxemia and
polymicrobial sepsis;
decreased atherosclerotic
lesions in LDL-myeloid dual
KO mice
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Table 1.1.

(cont’d)

GRK

Genotype

Phenotype

Reference

GRK2

Vascular Smooth
Muscle OE

BAR signal attenuation;
attenuation of isoproterenol
induced vasodilation;
elevation of resting mean
blood pressure; hypertrophy

[69]

Adrenal-specific KO

Attenuates heart failure
progression and improves
function postmyocardial
infarction

[70]

GRK3

GRK3 KO

Enhanced sensitivity to
olfactory stimuli; altered M2
muscarinic airway
regulation; loss of
neuropathic pain induced
opioid tolerance

[56,71,72]

Cardiac Specific OE

Normal B-AR signaling and
hemodynamic function;
decreased MAPK activity to
thrombin

[73]

Cardiac Specific
GRK3ct

Hypertension; a-1 receptor
hypersensitivity

[74]

GRK4

GRK4 KO

No differences detected in
fertility or sperm function

[75]

GRK4-yA142V

Hypertension, altered
dopamine signaling

[76,77]

GRKS

Cardiac Specific KO

Cardioprotection
posttransaortic constrtiction

[78,79]

Vascular smooth
muscle OE

VSM-specific OE of GRKS
increases blood pressure
through B1AR and Ang I
receptors

[64]

Cardiac Specific OE

Increased (-adrenergic
receptor desensitization
attenuating contractility and
heart rate

[80]
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Table 1.1. (cont’d)

GRK

Genotype

Phenotype

Reference

GRKb

GRKS KO

Muscarinic M2
supersensitivity and
impaired desensitization;
decreased LPS-induced
neutrophil infiltration in lung;
decreased cytokine
chemokine levels;
enhanced hypothermia,
hypoactivity, tremor and
salivation by oxotremorine;
decreased NFkB activation
in thioglycollate-induced
peritoneal macrophages
and cardiomyocytes;
increased NFkB in
endothelial cells; increased
apoptotic response to
genotoxic damage;
decreased thymocyte
apoptosis during sepsis

[67,78,80-84]

GRK6

GRK6 KO

Altered desensitization of
D2-like dopamine receptors
and supersensitivity to
psychostimulants; deficient
lymphocyte chemotaxis;
increased acute
inflammation and neutrophil
chemotaxis

[57,85-87]

GRK5/6

Double KO

Embryonic Lethal

[58]
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immune system, specifically their influence on inflammatory signaling pathways and in

inflammatory diseases.
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GRK1 SUBFAMILY
Biochemistry

The GRK1 subfamily is comprised of the retinal GRKs, GRK1 (rhodopsin kinase)
and GRKY (cone opsin kinase). Both of these proteins are expressed in the retina of
vertebrates but the expression pattern within the retinal cells is species dependent,
where both GRKs are not always present. Highlighting these differences is the fact that
all rod cells in vertebrates express GRK1 but cone cells express either GRK1, GRK7 or
both, depending on the species [88]. GRK1 and GRK7 share their major domains and
sequence homology but much of the current work on this family has been done on
GRKT; first, because GRK1 was discovered decades before GRK7 and second,
because of the demonstration of the X-ray structure of GRK1. Functionally, after
activation of rhodopsin by light, GRK1 facilitates desensitization by phosphorylating
rhodopsin on Ser/Thr residues in the C-terminal domain, which facilitates arrestin
recruitment and binding. In order to accomplish this GRK1 and GRK7 must be properly
localized to the membrane, and these GRKs are post-translationally modified to ensure
their proper localization within the cell. GRK1 differs from GRK?7 in this regard in that
GRK1 is post-translationally modified via farnesylation and blocking this markedly limits
its ability to phosphorylate active rhodopsin [89]. In contrast, GRKY7 is predicted to have
a geranylgeranyl modification site on its C-terminus rather than the N-terminus like
GRK1. These modifications are believed to serve as hydrophobic anchors that secure
GRK1 and GRKY to the cellular membranes [89] and allow for these kinases to “probe”
for activated receptors in a two-dimensional rather than three-dimensional search which

is essential for rapid signal termination.
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Role of GRK1 and GRKY in Inflammation

Due to the limited tissue expression of GRK1 and GRKZ7, little is known about the
role they play in inflammatory conditions of the retina. They do play a critical role in
photoreceptors cells and GRK1 null-mice show shorter outer segments and undergo
apoptosis if exposed to constant dim light [59]. Over-activation of these GRKs can also
be detrimental to photoreceptor health as well and hyper-phosphorylation of rhodopsin
caused by GRK1 mutations can cause a retinal degenerative disease known as retinal
pigmentosa [90]. GRK1 levels are regulated in rat diabetic models Brown Norway and
Sprague-Dawley after 12 weeks but were unaffected in the Long Evans models [91].
What these altered levels mean in terms of GRK function and if they play a role in
diseases such as diabetic retinopathy or other inflammatory conditions remain unknown.
Despite their limited role in inflammation it is important to think of how other therapeutics
can influence these GRKs as a side effect of other treatments. For example, HSP90
inhibitors are being developed for oncology, retinal pigmentosa, inherited retinal
degeneration and other neurodegenerative diseases but HSP9O is critical for the
sustained production of GRK1. Treatments that include inhibition of HSP90 for
sustained periods of time run this risk of adversely affecting visual function similar to
Oguchi’s Disease (stationary night blindness), a disease that results from genetic

mutations and low expression of GRK1 [59].
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GRK2 SUBFAMILY
Biochemistry

The GRK2 subfamily is comprised of two GRKs, GRK2 and GRK3. These
proteins are found ubiquitously throughout the body but show some variability in their
localization and expression in different tissues and cell types. One of the fundamental
differences that are unique to this subfamily is that their ability to phosphorylate GPCRs
is restricted to GPCRs that are actively bound to a ligand [36]. Furthermore, the RGS
homology domain (RH) in the N-terminus region of GRK2 family members are able to
bind to Gagand Ga11, inhibiting their downstream signaling capabilities [92].
Interestingly neither GRK2 nor GRKS is able to interact with Gas, Gai, Gao, or Ga12/13,
indicating that this functional interaction is specific to those two G-proteins [92-94].
Their RH domain consists of nine a-helices that are analogous to other RGS domains
and two additional a-helices derived from a region between the kinase and PH domain.
This allows for the RH domain to interact with the PH domain indicating a possible role
for regulation of the kinase activity of this subfamily. In addition to the unique binding
capabilities of this subfamilies’ RH domain, GRK2, and GRK3 contain a pleckstrin
homology domain (PH domain) in the C-terminus region that is unique to only these two
GRKs. The PH domain consists of seven 3-strands and one C-terminal a-helix. This PH
domain has the functional capability to bind to phosphatidylinositol 4,5-bisphosphate
(PIP2) as well as the GBy subunit of the heterotrimeric G protein. This binding to the
GBy subunit is particularly important for cytoplasmic localization of this subfamily and
the subsequent phosphorylation of activated GPCRs. It is believed that through the
binding of GRK2 and GRK3 to GBy these GRKs can be shuttled to the activated GPCRs

and is a potential mechanism for how GRK2 and GRKS3 recognize active receptors [19].
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A side effect of this interaction of GBy to GRK2 and GRK3 is that this high-affinity
binding can sequester and interfere with downstream targets of GBy in a similar manner
to Gag. With the discovery of GRK2's crystal structure in complex with GBy, we have
been able to gain new insights into the regulation of GRK2 (and potentially GRK3). This
structure places the three distinct domains at the vertices of a triangle and gives insight
on how these proteins with multiple modular domains can act as an integrated signaling
molecule [71]. Interestingly, GRK2 and GRK3 are the only isoforms that interact with the
free GBy subunit and translocate to the membrane in this fashion. Lastly, this presence
of the PH domain in combination with the cytoplasmic localization of these GRKs may
provide a mechanism for this subfamily to influence a large number of non-receptor
substrates both in the presence and absence of GPCR ligand activity.
Role of GRKZ2 in Inflammation

GRK?2 is primarily located in the cytoplasm; although it is ubiquitously expressed
and has the capability to interact with a variety of GPCRs, and while most research has
been GRKZ2’s ability to phosphorylate 3-adrenergic and angiotensin Il type 1 receptors
[92] and GRK2 has also been shown to phosphorylate other non-GPCR receptors
including the platelet-derived growth factor receptor-3, epithelial Na+ channel, and the
downstream regulatory element antagonist modulator (DREAM) [52]. It has also been
suggested that GRK2 and GRK3 are more efficient at clathrin-mediated endocytosis
than GRK5 and GRKG6 [95]. Outside of its role in phosphorylating and regulating GPCR
functions, GRK2 has the ability to phosphorylate and/or interact with a large variety of
cellular proteins in both tissue— and context- specific fashion. This ability to regulate

cellular processes in both a canonical and non-canonical fashion leads to GRK2 having
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an influence on a multitude of vital physiological functions including its role in
inflammation and inflammatory diseases [96].

Among the inflammatory pathways, research from our lab and others have
shown that GRKs are important regulators of NFkB signaling pathway. NFkB is a critical
player in the regulation of expression of many inflammatory genes and therefore is a
target for therapeutic manipulation in a number of inflammatory diseases. Under un-
stimulated conditions, NFkB transcription factors (p65 (RelA), p50, RelB, cRel and p52)
are sequestered in the cytoplasm by members of the IkB family of proteins (IkBa, kB3,
IkBe, p105 (NFkB1) and p100 (NFkB2)). Upon stimulation, IkB is phosphorylated by the
IkB kinase complex (IKK) and undergoes ubiquitination and degradation. This releases
the sequestered NFkB transcription factors which then translocate to the nucleus and
modulate gene transcription (reviewed in [97]). In particular, GRK2 and GRK5 most
notably regulate this signaling pathway to influence the outcome of inflammation in
immune and non-immune cell types. GRK2 has been shown to directly interact with
proteins involved in this signaling pathway, IkBa, and p105. GRK2 is able to
phosphorylate IkBa albeit at very low stoichiometry and able to modulate this pathway in
response to TNFa in a macrophage cell line and in HEK293 cells. [67]. This relationship
between GRK2 and NFkB signaling was recently shown in neonatal rat cardiac
fibroblasts in response to arginine vasopressin (AVP). AVP increased mRNA and
protein levels of IL6 in these cells and pharmacological inhibition of GRK2 ablated this
increase and NFkB activation, linking GRK2 and inflammation in cardiac stress [98].
This biochemical regulation was also recently demonstrated in colon cancer epithelial
cell line and this effect of GRK2 on IkBa was linked to its role in positively inducing

some inflammatory genes in these cell lines. Interestingly, GRK2 has also been shown
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to interact with p105 and modulate ERK pathway downstream of p105 in primary
macrophages. In this case, GRK2 was shown to be a negative regulator of this pathway
and downstream inflammatory genes [67]. Interestingly, Toll-like receptor ligands induce
GRK2 expression in primary macrophages and neutrophils [99]. Additionally, GRK2 has
also been shown to localize in the mitochondria after LPS stimulation and regulate the
production of reactive oxygen species [100]. Furthermore, immune cells from septic
patients also exhibit increased levels of GRK2 indicating a possible clinical connection
between GRK2 levels and the associated signaling pathways and inflammatory
diseases [101]. This was shown to be the case at least in an animal model of sepsis
where a IL-33 mediated decrease in GRK2 expression was beneficial for neutrophil
migration and therefore better clearance of bacteria and improvement in sepsis. Thus,
GRK2 has been suggested as a possible target in sepsis pathogenesis [102].

Another common set of pathways activated in response to inflammatory stimuli
are the mitogen-activated protein kinase pathways (MAPKSs). These kinases are a
family of serine/threonine protein kinases that respond and react to extracellular signals.
These reactions typically mediate a variety of fundamental biological processes ending
in the translocation of transcription factors from the cytoplasm to the nucleus in order to
alter gene expression. These MAPK signaling cascades are generally broken down into
three major groups: extracellular signal-regulated protein kinases 1 and 2 (ERK 1/2),
p38 MAPK and Jun-N terminus kinase (JNK). These individual kinases are activated
upstream by additional MAPKS, specifically: ERK is activated by MAPK kinase 1
(MKK1) and MKK2; p38 MAPK by MKK3, MKK4, and MKK6; and JNK by MKK4 and
MKK?.
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Similar to the NFkB pathway, GRK2 most notably regulates this family of
signaling proteins in response to both GPCR ligands (i.e. CXCL8) and RTK ligands
(TNFa). Because of the plethora of studies looking at the role of GRK2 in MAPK
signaling in response to various GPCR ligands [103,104] here, we focus primarily on the
role of GRK2 in MAPK signaling in the context of inflammation. When these ligands
activate the ERK1/2 pathway they can induce a wide variety of inflammatory mediators
such as TNFaq, interleukin 1 (IL-1), IL-8, and prostaglandin E2. The effect of GRK on this
pathway has been studied in a variety of contexts beginning with its role in
macrophages where GRK2 was shown to negatively regulate LPS-induced ERK
signaling. GRK2 also has been shown to bind to Raf1 and RhoA that can serve as a
scaffolding protein for the ERK MAPK cascade enhancing its activation in response to
EGF and in a similar study GRK2 inhibition in cardiomyocytes increased ERK activity
through interaction with the RAF MAPK axis [105]. Another study focusing on the
connection between the scaffolding ability of B-arrestin2 and GRKs found that in HEK
cells overexpression of GRK2 completely mitigated the B-arrestin2 mediated increase in
ERK1/2 activation [106]. These effects held true with a variety of receptors including the
B2-adrenergic receptor, cannabinoid receptor-2 [107], angiotensin 1A receptor [83] and
the insulin-like growth factor-1 receptor [108]. GRK2 also has the ability to regulate ERK
signaling through direct association with MEK (MKK1) and increased levels or GRK2
inhibit ERK activation following chemokine induction [109]. Consistent with that, our lab
also has recent data in colon epithelial cells that ERK1/2 activity is enhanced in GRK2
knockdown cells not through MKK1 regulation but rather through altering the levels of
ROS produced in those cells (Steury, 2017). Interestingly, GRK2 is able to regulate

ERK in a variety of fashions but ERK can also directly interact with and phosphorylate
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GRK2. Agonist-induced GRK2 phosphorylation by ERK1/2 reduces GRK2’s activation
by GBy and its ability to phosphorylate receptors and marks it for degradation [110,111].
The p38 MAPK pathway shares many similarities with the other MAPK signaling
responses including inflammation, cell growth, cell differentiation, and death. Similar to
ERK, the p38 MAPK pathway is stimulated by a wide array of stimuli including LPS and
other TLR activators such as enterotoxin B and herpes simplex virus [112,113]. In the
context of inflammation and the inflammatory response, p38 plays a critical role in the
production of inflammatory mediators to initiate leukocyte recruitment and activation. It
accomplishes this task through the regulation of inflammatory genes including TNFa, IL-
1B, IL-6, IL-8, cyclooxygenase-2 (COX2) and collagenase 1 and 3 [114] all of which are
diminished in monocytes/macrophages, neutrophils and T lymphocytes in the presence
of p38 inhibitor SB203580 [115]. Previous studies have shown that GRK2 and p38
appear to oppose each other where GRK2 can inhibit p38 function by directly
phosphorylating it whereas p38 inhibits GRK2 mediated GPCR desensitization
[116,117]. It regulates GRK2 by directly phosphorylating GRK2 at Ser670 inhibiting its
ability to translocate to the outer membrane and interact with activated GPCRs for
desensitization. This specifically has been seen in response to MCP-1 and the
prevention of the CC chemokine receptor2 (CCR2) [118]. GRK2 is able to
phosphorylate p38 at its Thr123 residue, which interferes with the ability for p38 to bind
to MKK®G, therefore, preventing its activation [116]. Furthermore, altering the levels of
GRK?2 influences the activation of p38 and its functionality including differentiation and
cytokine production. This alteration holds true in murine GRK2*"~ macrophages and
microglial cells; both of these cells exhibit increased p38 activation and TNFa

production in response to LPS [119]. In contrast to this, complete GRK2 silencing in
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mast cells decreases cytokine production (IL-6 and IL-13) in a p38 dependent manner
during antigen-induced degranulation [120]. Lastly, GRK2 through its regulation of p38
has been connected to cytokine-induced pain by reducing the neuronal responsiveness
to cytokines such as IL-13 and TNFa and thereby reducing cytokine-induced
hyperalgesia [121,122].

Similar to ERK and p38 pathways, Jun-N terminus kinase (JNK) can also be
activated by mitogens as well as a large variety of stimuli. The role of GRKs in JNK
signaling in the immune system and inflammation is not very well characterized. GRK2
has a large and diverse regulatory capacity in the context of NFkB and MAPK signaling
pathways that is dependent on expression level, cell type, stimulus, and many other
factors. As we continue to study this role both in vitro and in vivo and our understanding
of this regulation increases it remains a likely possibility that novel therapeutic targets
and treatments for inflammatory diseases can develop from these interactions.

GRK2 Regulation of Inmune Processes

An important component of an effective immune system is the ability for the
immune cells to arrive at the site of inflammation. This is achieved through a process
called chemotaxis, where cells at the site of inflammation or disease produce
chemokines that act on the chemokine receptors (mostly GPCRs) on immune cells to
initiate a chemotactic response. The amplitude of that response is dependent on the
amount of chemokines produced and their gradient as well as the expression levels of
the receptors that are responding to them. This process is also dependent on a series of
different steps in the chemotactic process including receptor sensing, cell polarization,
membrane protrusion, and adhesion/de-adhesion cycles all of which can be cell type

and stimulus-specific [123]. Given that most of the chemokine receptors are GPCRs,
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these receptors undergo desensitization with constant stimulus and it is not surprising
that the GRKSs regulating that process play a critical role in chemotaxis and in the
immune response. Interestingly, GRK2, GRK3, GRK5 and GRKG6 are all expressed at
high levels in the immune cells suggesting that alteration or regulation of their
expression levels or functionality will drastically influence immune cell chemotaxis and
the pathological progression of disease.

Similar to signaling, GRK2 has been heavily studied in its role in chemotaxis; but
looking at the regulation of cellular migration by this kinase is complex. Studies have
shown that this regulation is both cell type and stimulus dependent, with GRK2 acting
most often in a canonical manner negatively regulating GPCR signaling [113,118,124].
Overexpression of GRK2 by transfection in cell lines increases phosphorylation and/or
desensitization of different chemokine receptors such as CCR2b [125], CCR5 [126], and
CXCR1 [127]. Increased circulating neutrophils as well as increased macrophage
localization to inflammatory sites have been observed in mice that are deficient for
GRK2 in the myeloid cells or in bone marrow cells of low-density lipoprotein receptors
knockout chimeric mice in an atherosclerosis model [66]. Consistently, both T
lymphocytes and splenocytes isolated from GRK2 heterozygous mice had increased
migration due to increased activation of ERK and PI3K/Akt pathways in response to
CCL5 and CXCI12 compared to WT controls [62]. This, however, was not the case in
the sepsis model in the myeloid-specific GRK2 knockout suggesting disease specific
regulation [68]. Interestingly, a recent study has shown that acute mental stress
significantly increased GRK2 levels in peripheral blood mononuclear cells (PBMCs) at
both 30 and 60 minutes and had a positive correlation with levels of epinephrine that

also increased after the stressor. This study suggests a link between stress and
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intracellular inflammatory signaling and chemotaxis [128]. GRK2 levels are also reduced
in cultured human T lymphocytes when exposed to oxidative stress or when co-cultured
with activated neutrophils [129]. Additionally, GRK2 has been examined in the context
of various human diseases and it was seen that neutrophils from patients with different
disease conditions including malaria [130] and sepsis [101] have increased GRK2 levels
that then have a decreased CXCR2 expression and reduced response to IL-8. When
this phenomenon was studied in mice, exposure to IL-33 reversed this overexpression
and restore CXCR2 expression leading to increased chemotaxis as well as increased
bacterial clearance and survival [102].

In contrast to the above studies, GRK2 can also positively regulate chemotaxis in
certain cell types. It's hypothesized that this bimodal role for GRK2 may depend on the
cell type as well as the polarization state of the cells. In polarized cells, such as
epithelial cells, GRK2 has been shown to positively regulate cellular migration
independently of its catalytic activity thus supporting protein-protein interactions as a
potential mechanism [131]. Further supporting this idea, membrane-targeted kinase
mutants strongly enhance cell motility through interactions between GRK2 and GIT1
(GRK2-interacting factor) at the leading edge of polarized/migrating cells in wound
healing assays [131]. This association between GRK2 and GIT1 is critical for proper
ERK1/2 activation and efficient cellular migration. Recent work in our lab has shown in
colon epithelial cells GRK2 knockdown enhances epithelial migration in wound healing
assays also by critically regulating the activation of ERK1/2 in response to TNFa. These
studies highlight the importance of ERK1/2 activation in polarized/migrating epithelial
cells and the ability for GRK2 to influence migration and chemotaxis in a variety of

manners [132]. GRK2 has also been shown to directly phosphorylate histone
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deacetylase 6, a cytoplasmic histone deacetylase responsible for the deacetylation of
tubulin and other substrates critical for cellular migration [133]. Additionally, GRK2 can
interact with and phosphorylate ERM proteins ezrin and radixin, both of which contribute
to F-actin polymerization-dependent motility [134,135]. These novel interactions and
non-receptor substrates for GRK2 contribute to our understanding of GRK2s role in
non-canonical regulation of GRK2 on cell motility.
GRK2 in Disease

In vitro experiments can give valuable insights into the mechanisms of GRK2
behavior but understanding the role of GRK2 in the context of human disease
oftentimes is beyond the scope of an isolated cell line in culture. In mouse and human
studies, GRK2 has been implicated in a variety of pathogenesis in multiple tissues and
organ systems. GRK2 is a major player in several neurodegenerative diseases such as
Alzheimer’s disease (AD) [136], multiple sclerosis (MS) [61] and Parkinson’s disease
[137]. In AD, GRK2 was shown to serve as a biomarker for early hypoperfusion-induced
brain damage, which is associated with mitochondrial damage seen in patients with AD
[138]. GRK2 expression levels are also increased during the early stages of damage in
aged human and in AD patients (observed postmortem) [138]. This increased
expression may lead to more interactions with a and -synuclein both of which are
substrates for GRK2 and have been linked to both Parkinson’s and Alzheimer’s
diseases [139]. Furthermore, GRK2 was shown to regulate metabotropic glutamate
receptor function and expression, whose role has been implicated in AD and MS
pathogenesis [140,141]. Also, studies have shown that GRK2s down-regulation of
GRK2 following chronic inflammation sensitizes human and rodent neurons to

excitotoxic neurodegeneration via over-action of group | mGIluRs [141].
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GRK2 has also been shown to play a prominent role in inflammatory
hyperalgesia. GRK2 heterozygous mice suffer from chronic hyperalgesia due to
continued microglial activation via p38-dependent TNFa production [121,142] and
prolonged activation of prostaglandin E2-mediated pathway. This prolonged activation is
mediated through interactions with EPAC1 (exchange protein directly activated cAMP)
and activation of protein kinase Ce- and ERK-dependent pathways [143,144]. Through
this same regulation of p38, GRK2 exacerbates brain damage in hypoxic-ischemic
injury [119]. The importance of GRK2 in this system is highlighted in that even a
transient decrease in GRK2 levels (by intrathecal injection of GRK2 antisense
oligodeoxynucleotides) is sufficient to produce long-lasting neuroplastic changes in
nociceptor function that can lead to chronic pain [145].

Due to the cardiac developmental defects in the GRK2 homozygous knock out
mice, GRK2 has been heavily studied in the context of cardiovascular diseases. GPCR
signaling via the B-adrenergic receptor predominates during heart failure in an attempt
to improve myocardial contractility and cardiac output. However, increased levels of
GRK2 during heart failure causes an increase in 3-adrenergic receptor desensitization
reducing myocardial contractility and cardiac output worsening heart failure [146]. This
reduced contractility triggers an influx of catecholamines, which leads to a cycle of
activation and persistent desensitization of 3-adrenergic receptors. Overexpression of
GRK2 in vivo mimics this regulation and decreases myocardial contractility and cardiac
output in response to adrenergic stimulation. These effects suggest impaired adrenergic
receptor signaling [147,148]. Conversely, inhibition of GRK2 results in increased
contractility and enhanced survival in heart failure models [74,149]. Furthermore,

competitive inhibition through BARKct (C-terminal peptide of GRK2) prevented
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cardiomyopathy and improved heart failure [150-153]. These benefits seen in the
cardiovascular diseases have inspired researchers to try and develop GRK2 inhibitors
as a therapeutic option in heart failure and has been met with success at least in
preclinical models [154].

Changes in GRK2 expression has also been implicated in the pathogenesis of
other diseases. Overexpression of GRK2 in vascular smooth muscle cells has been
shown to lead to the development of hypertension [69,155] and this increase in GRK2
expression is also found in human patients with hypertension [156]. Also, GRK2 has
been implicated in the development of atherosclerosis. Low-density lipoprotein receptor
knockout mice with partial GRK2 deficiency in hematopoietic cells developed fewer
atherosclerotic plaques [66]. This partial GRK2 deficiency led to increased infiltration of
macrophages to inflammatory sites resulting in plaques with smaller necrotic cores.
Finally, GRK2 has a significant role in the pathogenesis human and animal models of
sepsis [101,102,68,82,157], polymicrobial sepsis [102,68,82], endotoxemia [67,157] and
in the regulation of septic shock. Sepsis and a systemic inflammatory response
syndrome are leading causes of mortality in intensive care units [158] and GPCRs play
a major role in the pathophysiological events through regulation of the cardiovascular,
immune and coagulatory responses. Given the role of GRK2 in the pathogenesis of
sepsis, inhibition of GRK2 expression and/or activity may be a useful strategy for
targeting human sepsis [102,68]. However given that GRK2 is ubiquitously expressed
and its role varies in different tissues and cell types, inhibition of GRK2 may be
beneficial in some diseases whereas it may be deleterious in others. Thus, while GRK2

inhibitors are being developed, it is important to keep in perspective the various roles of
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GRK2 in different cell signaling pathways, the multitude of substrates/interactive
partners and their potential involvement in the various diseases (Figure 1.1.)
GRKS3: Biochemistry
GRKS3, like GRK2, is ubiquitously expressed throughout the body but its expression
levels are considered to be lower than those of GRK2 in all areas except for the central
nervous system and the brain [159]. Despite these similarities in tissue expression,
GRK3 has an independent role from GRK2 highlighted by its regulation in olfaction and
neuronal functions. In the central nervous system, GRKS is primarily located within the
dorsal root ganglions and the olfaction neurons regulating the desensitization of odorant
receptors and a2-adrenergic receptors [72].
GRK3 in Inflammation
GRK3s role in inflammatory signaling has been less established than some of the other
GRKs, such as GRK2 and GRKS5. However, GRK3 has been shown to play a role in
ERK1/2 signaling where overexpression of GRK3 abolished 3-arrestin 2 mediated
activation of ERK1/2. This was seen in response to activation of a variety receptors
including the B2-adrenergic receptor, cannabinoid receptor-2 [107], angiotensin 1A
receptor [83] and the insulin-like growth factor-1 receptor [108] (similar to GRK2). In
support of this, bone marrow-derived leukocytes from GRK3 knockout mice exhibit
enhanced ERK1/2 expression in response to CXCL12 [160]. GRK3 has the ability to
interact with and modulate these pathways and so further study in this area is
necessary to fully understand the regulatory capabilities of this GRK on these pathways.
GRK3 Regulation of Inmune Processes

GRK2, GRK3, GRK5 and GRKG are all expressed at high levels in the immune

cells suggesting that alteration or regulation of their expression levels or functionality will
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Figure 1.1. GRK2 and its potential role in various diseases processes

Multiple Alzheimer’s Parkinson’s Heart

sclerosis disease disease failure Gardiomyopathy
- Neurodegenerative . Cardiac
a/B-Synuc% ﬁAdrenerglc receptor
mGIuRs ‘ -
GRK2
Autoimmune y
encephalomyelitis GPCR, ‘ — . B-Adrenergic/Ang Il receptor
IkBa, p1y GPCR regulation
" Inflammatory | ' Vascular
Sepsis Endotoxemia Hypertension Atherosclerosis

33



drastically influence immune cell chemotaxis and the pathological progression of
disease. Compared to the other GRKs relatively little work has been done on the role of
GRKS3 in these cells however recent work has shown GRK3s ability to critically regulate
immune behavior. GRK3 was identified as a negative regulator of CXCL12 (CXC
chemokine ligand 12)/CXCR4 signaling (a defective pathway in human WHIM
syndrome) and GRK3s deficiency results in impaired CXCL12-mediated desensitization,
enhanced response to CXCR signaling through ERK1/2 activation, altered granulocyte
chemotaxis and mild myelokathexis (a form of chronic leukopenia) [160]. Work done on
human skin cells and leukocytes indicate that over-expression of GRK3 is able to
restore CXCL12-induced internalization and desensitization of CXCR4 and normalize
chemotaxis [161]. GRK3 is also important in other granulocyte-dependent disease
models such as inflammatory arthritis by mediating the retention of cells in the bone
marrow resulting in fewer circulating granulocytes in the blood as well as in the joints
during inflammation. In conjunction with regulation of CXCR4, GRKS3 has also been
reported to play an important role in oncology and influence the tumorigenicity,
molecular subtype and metastatic potential of triple negative breast cancer,
glioblastoma, ovarian tumors, medulloblastoma and malignant granulosa cells through
dysregulation of GPCR signaling [162—164]. In a cultured leukemia cell line, GRK3-
mediated receptor phosphorylation of the chemokine receptor CC3A and association
with B-arrestins were essential for expression of the chemokine CCL2, supporting the
hypothesis that $-arrestins and GRK3 may contribute to chemotaxis in vivo at multiple
levels [165]. GRK3 has also been shown to play a critical role in opioid receptor
signaling in that Mu-opioid receptor and kappa-opioid desensitization is significantly

slower in the GRKS3 knock out mice [166].
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GRK3 in Disease

Unlike GRK2, homozygous knockout mice of GRKS are viable thus
demonstrating different physiological roles for the members of the GRK2 family. GRK2
and GRKS5 are well known for their role in cardiovascular diseases but the effect of
GRKS3 in this tissue is less understood. A study in transgenic mice that expressed a
cardiac-specific GRK3 inhibitor showed that cardiac myocytes had significantly
enhanced ERK1/2 activation in response to ai-adrenergic receptor stimulation.
Additionally, these transgenic mice showed elevated systolic blood pressure in
comparison to littermate controls causing hypertension due to hyperkinetic myocardium
and hyper-responsiveness to aj-adrenergic receptor stimulation [74]. GRKS has also
been shown to be overexpressed in human prostate cancer and found to promote tumor
growth and metastasis by enhancing angiogenesis [167]. Finally, based on its
chromosomal location and sequence, GRKS3 is believed to be a potential biomarker for
bipolar disorder susceptibility through potential alterations of dopamine receptor
desensitization [168]. In mice, GRK3 deficiency plays no role in basal locomotor activity
but interestingly, completely knocking out GRK3 significantly reduces locomotor and
climbing responses to either cocaine or apomorphine [169] potentially through the

desensitization of D3 dopamine autoreceptors [170].
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GRK4 SUBFAMILY

The GRK4 subfamily is comprised of GRK4, GRKS, and GRKG6 and is located
ubiquitously throughout the body with the exception of GRK4, which is located primarily
in the testes, kidney and cerebellum [35]. Structurally all members share the AGC
kinase domain and a common N-terminus domain that expresses a PIP2 binding site
that is similar to the GRK2 subfamily. The C-terminal domain aids in membrane
localization and is regulated through palmitoylation sites on GRK4 and GRK6 but GRKS5
is regulated through positively charged lipid-binding amphipathic helices [2]. This
regulation establishes an equilibrium between these GRKs and the membrane allowing
for phosphorylation of both activated and inactivated GPCRs [75]. Interestingly, GRK4
has low sequence conservation with GRKS and GRKE6 in the C-terminal region and
forms a different crystal structure. These differences between GRK4 and the rest of the
subfamily have been shown to influence its ability to translocate to the plasma
membrane [171]. It has been hypothesized that these changes in structure and
membrane targeting capabilities may be a result of the tissue-specific expression of
GRK4 and may account for some of the functional variability amongst this subfamily.
GRK4 in Inflammation and Disease

GRK4 can be regulated and alternatively spliced into four different splice variants
that are all capable of independent functions including GCPR regulation. As indicated
before, GRK4 has not been examined in detail in immune cells and its role in
inflammatory disease is largely unknown. It is known that GRK4a constitutively
phosphorylates the dopamine receptor in the proximal tubule reducing its
responsiveness hinting at an essential role in the regulation of hypertension. In fact,

constitutive phosphorylation of the dopamine receptor is problematic in people with
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hypertension and polymorphisms in GRK4 can cause dysregulation of dopamine-
stimulated salt and fluid excretion in the kidneys [76]. Similarly, GRK4y is able to
phosphorylate the dopamine receptor as well but not constitutively and only upon
agonist activation. These differences between splice variants indicate areas of
similarities but also variability amongst the splice variants leading to questions about the
regulation of GRK4 translation that have yet to be answered [172]. GRK4’s role in the
other tissues where it is expressed is less clear and requires further study.

Expression of GRK4 in the cerebellum seems to be limited to the Purkinje cells
and may be involved in combination with GRK2 in the regulation of metabotropic
glutamate 1 receptors. The regulation of these receptors suggests a role for GRK4 in
motor coordination as well as in learning but further work remains to be done in this
area [173]. In a recent study, it was shown that GRK4 levels are upregulated in Fmr1-
null mice, suggesting that RNA-binding protein (FMRP) negatively regulates the
expression of GRK4. Fragile X syndrome is caused by the silencing of the Fmr1 gene
and lack of FMRP, and since FMRP regulates negatively regulates GRK4 it is
hypothesized that this silencing results in increased GRK4 levels in Fragile-X syndrome
and these increased levels contribute to cerebellum-dependent phenotypes due to
deregulated desensitization of GABAB receptors [174]. Finally, due to its localization in
the cerebellum and testes studies on the GRK4 knockout mouse were done
investigating its role in those tissues. In these studies, GRK4 knockout animals showed
no differences in basal levels or in response to cocaine for locomotor activity or motor
coordination [169]. Furthermore, despite the high levels of GRK4 in the testes, there
were no apparent changes in fertility or sperm function and no obvious phenotypes

were detected in these animals [75]. Thus, the role of GRK4 in these tissues remains to
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be elucidated and more work needs to be done to fully understand the role of this
kinase.
GRKS: Biochemistry

GRKS is unique from its family members due to the presence of the positively
charged lipid-binding amphipathic helixes on its C-terminus and there is evidence
supporting an interaction with the membrane through this C-terminus involving a region
of the RH domain [171]. These motifs, in combination with the polybasic N-terminus
regions predominantly localize GRKS5 to the plasma membrane. This presence at the
membrane allows for significant activation independent phosphorylation of several
GPCRs [36]. GRKS has recently been crystalized in two unique structures both of which
crystalize GRK5 as a monomer with its C-termini forming consistent structures that pack
closely to the RH domain. Disturbing this interface between the C-terminus and the RH
domain significantly decreased the catalytic activity on GPCRs in both in vitro and in
cells. This same study concluded that individual GRKS subunits were insufficient for
persistent membrane association [171]. Additionally, GRKS also has a nuclear
localization motif and can accumulate in the nucleus where it can interact with proteins
including class Il histone deacetylase and mediate gene transcription [34]. This
localization is in competition with GRK5’s membrane localization sequences on the C
and N-termini, these termini are in fact key regulatory sites and phosphorylation by PKC
on its C-terminus is inhibitory to its function. Calmodulin (CaM) is inhibitory to most
GRKs but is especially preferential to the GRK4 subfamily. Ca?*11CaM can bind to both
the N- and C-terminal membrane phospholipid binding motifs and disrupt the membrane
association of GRKS allowing the nuclear localization motif to direct GRKS5 to the

nucleus [175]. As mentioned, GRK5 has ubiquitous expression but is especially
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expressed at high levels in the heart, lungs, placenta, and kidney with lower expression
in the brain (except for the limbic system). Interestingly, expression levels of GRK5 have
been shown to increase two-fold during neuronal differentiation [35].
GRKS Role in Inflammation

Similar to GRK2, GRK5 plays a major role in NFkB signaling and is able to
directly interact with and phosphorylate NFkB p105 (one of the IkB members). This was
shown to inhibit Toll-like receptor-4-induced IkB kinase B-mediated phosphorylation of
p105, thus negatively regulating lipopolysaccharide-induced ERK activation in
macrophages [176]. Furthermore, GRK5 was subsequently discovered to interact with
an additional member of the IkB family, IkBa, to facilitate the nuclear accumulation of
IkBa by masking its nuclear export signal. This nuclear accumulation of IkBa led directly
to decreased NFkB activation in endothelial cells [83]. Both of these interactions were
shown to be dependent on the RH domain of GRK5 and independent of its kinase
domain. Further research has also shown non-canonical regulation of NFkB by GRKS5.
GRKS5 was demonstrated to phosphorylate Ser32/36 — the same sites phosphorylated
by IkB kinase B and IkBa kinase — and was supported by biochemical findings showing
decreased levels of cytokines and chemokines in GRKS knockout mice compared to
wild-type in endotoxemia model [177,178]. Further evidence showed that IkBa
phosphorylation and p65 nuclear translocation were significantly reduced in LPS-treated
GRKS deficient peritoneal macrophages. As these studies progressed, there have been
contrasting results in different models of the GRKS5 knockout mouse. Wherein mice
generated by the Lefkowitz group [179] found that endothelial GRKS stabilized IkBa
similar to earlier studies by Sorriento [83], studies done in macrophages using a

different GRKS5 knock out mouse did not show any role for GRKS in IkBa
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phosphorylation or p65 translocation. More recent studies using mice from the Lefkowitz
group, however, have shown that GRKS5 positively regulates the NFkB pathway in
cardiomyocytes [81]. It is unclear the exact reasoning behind these discrepancies in
GRKS behavior but it has also been shown that GRKS itself can be regulated by the
NFkB pathway, generating a potential positive feedback loop between GRKS and NFkB
[180]. However, in primary peritoneal macrophages, GRK5 was observed to be down
regulated after TLR4 activation suggesting that both regulation of GRKS5 expression and
its influence on the NFkB pathway are distinct in different cell types and conditions.
Interestingly, however, GRK5 was shown to be an evolutionarily conserved kinase in
NFkB regulation in human cell lines as well as different species including Drosophilia
and zebrafish [181] thus demonstrating an important role for this kinase in this pathway.
There are some studies examining the relationship between GRKS and the
MAPK signaling pathways. GRKS5 has been shown to play a role in the support of 3-
arrestin 2 mediated ERK activation after the activation of the V2 vasopressin and
angiotensin Il receptors despite its smaller role in desensitization in comparison to
GRK2 or GRK3 [95,106] and was later determined to independent of G-protein coupling
[182]. Conversely, in macrophages through its regulation of p105 GRKS negatively
regulates LPS-stimulated ERK activation [176]. JNK can be activated by mitogens as
well as a large variety of stimuli including: environmental stresses (heat shock, ionizing
radiation and oxidants), genotoxins (topoisomerase inhibitors and alkylating agents),
ischemic-reperfusion injury, mechanical shear stress, vasoactive peptides,
proinflammatory cytokines and pathogen-associated molecular pattern
molecules/danger-associated molecular patterns [183-187]. JNK activation induces the

translocation of transcription factors AP-1, c-Jun, ATF-2 and ELK-1 to the nucleus to
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regulate inflammatory gene transcription [185]. JNK activation of AP-1 also plays a
critical role in the synthesis of TNFa and for the proliferation and differentiation of
lymphocytes, giving it a vital role in the regulation of the immune system [187,188]. In
mice over-expressing GRKS5 in cardiac myocytes they constitutively active mutants of
a18AR exhibited attenuation of JNK activation in comparison to the controls. GRKS5 also
had an influence of a1gAR signaling but the complexity of this interaction and regulation
remains to be fully elucidated [189]. Finally, there is little known about the relationship
between GRKS and p38, highlighting an area of study that still requires further work to
understand the role for this kinase in the MAPK processes.

It is clear that GRKS plays a critical role in the regulation of NFkB and MAPK
signaling in inflammation and immune signaling. With further understanding of this
regulation, it may become clearer if these signaling pathways are targetable regulatory
sites for therapeutics in inflammatory diseases (Figure 1.2.).

GRKS5 Regulation of Inmune Processes

Similar to GRK2, GRKS5 can also regulate GPCRs necessary for chemotaxis in
both a canonical and non-canonical fashion. Unlike GRK2, GRKS has been shown to
regulate these processes in much fewer cell types, primarily in monocytes. GRK5S
modulates chemotaxis in these cells by regulating CCR2, a GPCR for monocyte
chemoattractant protein-1 [179]. GRKS can also influence these cells in a non-canonical
fashion through the regulation of colony-stimulating factor-1 receptor, a receptor
tyrosine kinase [179]. Through this inhibition, desensitization of CCR2 and inhibition of
monocyte migration, GRKS has been shown to attenuate atherosclerosis [179].

Additionally, GRK5 can regulate CXCR4 desensitization via phosphorylation of HIP
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Figure 1.2. GRKS and its potential role in various disease processes
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(HSP70-interacting protein) in an in vitro model [190]. Work in our lab, however, has
shown that GRKS has little to no role in immune chemotaxis in a polymicrobial septic
peritonitis model [82] and similar findings were reported in an arthritic model [191]. This
however, was again model specific since GRKS did regulate neutrophil infiltration in E.
Coli pneumonia model [192]. Similar to GRK3, GRKS5 has been shown to have an
influence on the migration and invasion of cancer cells. In prostate cancer, GRK5 has
been shown to regulate cell migration and invasion through interactions with moesin
(ERM (ezrin-radixin-moesin)) proteins. It accomplishes this primarily through
phosphorylation of moesin on the Thr-66 residue regulating its cellular distribution [193].
Additionally, GRK5 may be involved in neutrophil granulocyte exocytosis, signal
transduction pathways regulating this function are poorly defined although several
proteins, including Src, are known to participate in this response. Proteomic studies first
identified a potential Src tyrosine kinase motif on GRKS and the phosphorylation of
GRKS5 by Src was then confirmed in an in vitro kinase assay. Furthermore,
immunoprecipitation of phosphorylated GRKS5 with Src in intact cells was decreased in
the presence of a Src inhibitor possibly implicating it in the regulation of granulocyte
exocytosis [194].
GRKS in Disease

GRKS also plays a prominent role in a multitude of pathologies. GRK5S
canonically regulates muscarinic receptors but shows a preference for M2 and M4
receptors [195]. These receptors are present in the presynaptic cells and negatively
regulate acetylcholine release in hippocampal memory circuits. Abnormal increases in
presynaptic cholinergic activity causes a decrease in acetylcholine release, therefore,

decreasing postsynaptic muscarinic M1 activity. M1 signaling has been shown to inhibit
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B-amyloidogenic APP processing and decreased (3-amyloid accumulation [196]. This
connection might be the reason that an Alzheimer’s disease (AD)-like pathology is
observed in GRK5-deficient mice. Further connecting GRKS5 to AD s its ability to
phosphorylate a-synuclein and tubulin possibly influencing their polymerization and
neuronal functions as seen in AD [197]. GRK5 has many similarities to GRK2 in its role
in cardiovascular diseases. Expression and activity of GRKS5 is increased during heart
failure inducing -adrenergic receptor desensitization reducing myocardial contractility
and worsening heart failure [148]. Overexpression of GRKS5 in these cells in vivo
decreases myocardial contraction and cardiac output in response to adrenergic
stimulation [147,148] and its inhibition results in increased cardiac contractility and
enhanced survival in heart failure patients [74,149]. Inhibition of GRKS5 with adGRKS5-NT
(N-terminal peptide of GRKS5) prevented cardiomyopathy and improved heart failure
[150-153]. Again similar to GRK2, overexpression of GRKS in the vascular smooth
muscle cells led to the development of hypertension through regulation of 3-1adrenergic
receptor and Angiotensin Il receptors [69,155]. In addition to these canonical GPCR
dependent roles, GRKS5, through its nuclear localization signal, has been shown to
accumulate in the nucleus of cardiomyocytes and function as a histone deacetylase
kinase and promote cardiac hypertrophy [34]. GRKS5 has also been implicated in the
development of atherosclerosis and its deficiency in apolipoprotein E knockout mice
leads to development more aortic atherosclerosis than their wild-type controls [179].
Investigating the role of GRKS in endotoxemia and polymicrobial sepsis models, our lab
has shown that GRKS5 deficiency leads to diminished cytokine levels [82,157,178] likely
through decreased NFkB activation in tissues and macrophages (as outlined above). In

addition to these reduced cytokine levels, GRK5-deficient mice also showed decreased
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thymocyte apoptosis and immune suppression [82]. This immune suppression was
attributed to reduced plasma corticosterone levels in these mice suggesting regulation
of the pituitary-adrenal axis by GRK5. With its diverse role in inflammatory signaling as
well as its role in multiple diseases furthering our understanding of this kinase is critical
for our ability to effectively design therapeutics and treatments targeting GRK5’s role in
these various pathologies.
GRK®6: Biochemistry

GRKE6 is present ubiquitously throughout the body but is one of the most
prominent GRKs in the striatum and other dopaminergic brain areas, particularly in the
GABAergic and cholinergic areas. In these tissues, GRKG6 localizes primarily in the
plasma membrane although GRKG6a, one of its four splice variants, can translocate to
the nucleus although its function there is unclear [53]. GRK6s subcellular localization is
regulated through both its C-terminus which can be palmitoylated which can help
anchor this GRK to the plasma membrane [198]. Interestingly, in the brain GRKG is
primarily localized to synaptic membranes [199], suggesting that there must be neuronal
specific mechanisms for altering the localization of GRK6 although these specific
protein partners remain unknown. For its role in GPCR regulation and desensitization
GRK6 has been shown to phosphorylate GPCRs in both an activated and an inactivated
state with some notable exceptions such as the D41 dopamine receptor [36]. Structurally,
GRKG is currently the only member of the family that has been successfully crystallized
in a conformation that is expected to be an active conformation and is one of the only
two structures that were able to detect the N-terminal region (along with GRK1). It was
shown in these structures that the extreme N-terminal amino acids become helical and

are able to interact with both lobes of the kinase domain helping to align the various
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catalytic residues contributed by each lobe [47]. Mutational studies examining the role of
these helical N-terminal motifs supported the model where the exposed hydrophobic
residues at the apex of the helix are critical for GPCR phosphorylation [47].
GRK®6 in Inflammation

GRKG6 has been shown to be involved in NFkB signaling in the manner that it can
phosphorylate IkBa at Ser32/36, similar to the role of GRKS. This phosphorylation of
IkBa by GRKG6 regulates inflammation in peritoneal macrophages when stimulated by
TNFa by inducing a conformational change in GRKG influencing its activity [200]. GRK6
also plays a role in the regulation of mitogen-activated protein kinases (MAPKSs) by
interacting with the p38 pathway. GRKE6 is able to interact with and regulate p38 and
down-regulate its activation. This down-regulation has been connected to cytokine-
induced pain by reducing the neuronal responsiveness to cytokines such as IL-1 and
TNFa and thereby reducing cytokine-induced hyperalgesia [121,122]. Furthermore,
GRKE6 can play a role in the dysregulated signaling of ERK and p38 after L-DOPA
therapy for Parkinson’s disease. This therapy results in a side effect termed L-DOPA
induced dyskinesia (LID) that causes decreased expression of GRKs resulting in
defective desensitization of dopamine receptors. Overexpressing GRK6 ameliorated
supersensitive ERK and p38 MAP kinase responses to L-DOPA challenges normalizing
the responses of these signaling pathways to control animals [201]. Investigating the
role of GRKG6 in C-kit positive cardiac stem cells (CSCs) it was shown that cells treated
with GRK6 siRNA and stimulated with SCF had a significant decrease in the
phosphorylation of p38 and ERK1/2 through alterations in the phosphorylation state of
CXCR4-serine 339. This alteration in MAPK signaling influenced these cells ability to

regulate c-kit ligand stem cell factor (SCF) induced migration during myocardial
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infarction [202]. GRK6 has been shown to play a critical role in B-arrestin 2 mediated
ERK activation in correlation with the V2 vasopressin and angiotensin Il receptors
despite its diminished role in desensitization in comparison to GRK2 or GRK3 [95,106]
and was later discovered that this was independent of G-protein activation [182].
Alterations in this Barrestin mediated ERK activation can be seen in pathological
conditions and receptor mutations. For example, in the immunodeficiency syndrome
WHIM mutations in the CXCR4 receptor cause impairs GRK6’s ability to associate and
phosphorylate these receptors leading to a lack of Barrestin-2 recruitment and
subsequent ERK phosphorylation [203]. GRK6 has a clear role in the regulation of p38
and ERK signaling it however remains unclear for its role in JNK signaling and further
work in this area is needed to fully appreciate GRKG6’s role in MAPK signaling.

Taken together this signaling data shows that GRKG6 plays a role in NFkB and
MAPK signaling although the specific regulation of this pathway largely remains less
understood. More work in this area will help elucidate the relationship between GRKG6
and these inflammatory pathways in the immune system.

GRK6 Regulation of Inmune Processes

GRKE is also expressed at high levels in immune cells and GRK6 has been
shown to regulate receptors CXCR2 [127], CXCR4 [87] and LTB4 [85] influencing
immune trafficking. This regulation and desensitization influences neutrophil and
lymphocyte recruitment to sites of pathogenesis in several different disease models
including inflammatory arthritis and DSS-induced colitis [191,86,204]. In epithelial cells,
GRKG6 has been identified as a critical mediator in integrin-mediated cell adhesion and
migration of tumor cells [205] and GRKG6 deficiency promotes CXCR2-mediated

progression and metastasis in a lung carcinoma model [206]. These effects are
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primarily through GRK6s canonical regulation of GPCRs with little evidence for a non-
canonical role in immune cell chemotaxis. GRK6 can also influence the hematopoietic
process and mice lacking GRK6 have been demonstrated to exhibit lymphocytopenia, a
loss of hematopoietic stem cells (HSC), and multiple progenitor populations. This
deficiency leads to impaired lymphoid differentiation due to impairment of HSC self-
renewal. A possible mechanism for these effects come from transcriptome and
proteomic analysis suggesting that GRKG6 alters these functions through its involvement
in reactive oxygen species signaling and/or through its interaction with DNA-PKcs [207].
GRK®6 in Disease

Recent studies have implicated GRK6 in regulating the clearance of apoptotic
cells through interaction with GIT1 to activate Rac1, promoting apoptotic engulfment
[208]. GRKG6 was critical in the removal of apoptotic B cells by splenic white pulp
macrophages and in removing senescent red blood cells by splenic red pulp
macrophages. In a different study in GRK6-deficient mice F4/80+ macrophages were
seen to have this same effect on senescent red blood cell clearance possibly as a result
of increased iron stores in the splenic red pulp. In response to this uptake of apoptotic
cells, macrophages, in general induce production and release of immunosuppressive
cytokines such as IL-10, tumor growth factor-3, prostaglandin E2 and platelet-activating
factor [209] while suppressing the production of proinflammatory cytokines IL1-3, IL-6,
IL-12 and TNFa [210]. Because of these connections, apoptotic cells have a significant
impact on the functionality of these phagocytes that can, in turn, modulate inflammatory
disease pathogenesis. GRKG6 has been shown to modulate these processes in
macrophages by phosphorylation of radixin and moesin, both of which are essential for

cytoskeleton reorganization and immune cell chemotaxis and phagocytosis. Indeed,
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GRK6-deficient mice were shown to develop autoimmune disease possibly because of
alterations in the response to immune cell phagocytosis. Additionally, GRK6 has been
implicated in other diseases and has been shown to modulate arthritis and colitis by
regulating immune cell chemotaxis and infiltration [191,204]. Specifically, in DSS-
induced colitis model, GRK6 deficient mice produced more keratinocyte chemokine (the
murine equivalent of IL-8), caused increased infiltration of immune cells and enhanced
severity of disease manifestations. Similar to the colitis model, GRK6-deficient mice
mimicked the increased weight loss and severity of disease in the arthritis model. Finally,
studies focusing on the role of GRKG6 in the brain have shown that D2 dopamine
receptors are direct targets for GRK6 and GRK6 knock out mice, unlike all other GRK
mouse models, show significantly enhanced responsiveness to psychostimulants and
other dopamine agonists [57]. Due to this enhanced response GRK6 has been linked to
Parkinson’s disorder and potentially could influence other diseases related to dopamine
supersensitivity including addiction, schizophrenia and Tourette’s syndrome though

these have not been thoroughly investigated.
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CONCLUSION

GPCRs comprise the largest class of receptors in the human genome and
represent one of the most popular targets for modern therapeutics. With only four
universally present GRKs and three others in specific subsets of tissues, understanding
their numerous physiological roles in maintaining homeostasis is critical in our continued
and future use in targeting these kinases for treatments. This task has been greatly
aided by the discovery of crystal structures for various GRKs and the pathophysiological
role of GRKs in both their canonical GPCR-dependent function as well as their non-
canonical functions in numerous diseases. Despite their limited expression, it is clear
that these isoforms are not entirely interchangeable and these GRKs have very defined
roles in certain tissues. The use of transgenic and knockout animals has greatly aided
our progress in these studies but with new information, we see overlapping
functionalities and compensatory mechanisms from other GRKs and other associated
proteins adding to the complexity of these studies. As new functions and substrates are
unveiled for GRKs it is critical to take into consideration GRKs substrate diversity and

the role they will play when targeted for therapeutic purposes.
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CHAPTER 2: G-PROTEIN COUPLED RECEPTOR KINASE-2 IS A CRITICAL
REGULATOR OF TNFa SIGNALING IN COLON EPITHELIAL CELLS
A major part of this chapter represents a manuscript that was accepted by

Biochemical Journal on June 1, 2017.
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ABSTRACT

G protein-coupled receptor kinase-2 (GRK2) belongs to the GRK family of
serine/threonine protein kinases critical in the regulation of GPCRs. Apart from this
canonical role, GRK2 is also involved in several signaling pathways via distinct
intracellular interactomes. In this study, we examined the role of GRK2 in TNFa
signaling in colon epithelial cell-biological processes including wound healing,
proliferation, apoptosis, and gene expression. Knockdown of GRK2 in the SW480
human colonic cells significantly enhanced TNFa-induced epithelial cell wound
healing without any effect on apoptosis/proliferation. Consistent with wound healing
effects, GRK2 knockdown augmented TNFa-induced matrix metalloproteinases
(MMP) 7 and 9 as well as urokinase plasminogen activator (uPa) (factors involved in
cell migration and wound healing). To assess the mechanism by which GRK2 affects
these physiological processes, we examined the role of GRK2 in TNFa-induced
MAPK and NFkB pathways. Our results demonstrate that while GRK2 knockdown
inhibited TNFa-induced IkBa phosphorylation, activation of ERK was significantly
enhanced in GRK2 knockdown cells. Our results further demonstrate that GRK2
inhibits TNFo-induced ERK activation by inhibiting generation of reactive oxygen
species (ROS). Using immunoprecipitation of endogenous GRK2 coupled with mass
spectrometry, we find that GRK2 interacts with mitochondrial proteins important for
ROS generation. Together, these data suggest that GRK2 plays a critical role in
TNFa-induced wound healing by modulating MMP7, 9 and uPA levels via ROS-ERK
pathway. Consistent with the in vitro findings, GRK2 heterozygous mice exhibited
enhanced intestinal wound healing. Together, our results identify a novel role for

GRK2 in TNFa signaling in intestinal epithelial cells.
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INTRODUCTION

G-protein coupled receptors kinases (GRKs) are serine/threonine kinases that
include 7 distinct proteins separated into three subfamilies based on their sequence
homology and functional similarities. These include the retinal kinase (GRK1 and
GRK7), the GRK2 (GRK2 and GRK3), and the GRK4 (GRK4, 5, and 6) subfamilies
[1]. GRKSs were initially described for their canonical regulation of G-protein coupled
receptor (GPCR) phosphorylation and desensitization. However, it is now clear that
their role in cell signaling is not limited to this canonical function. GRK2 can interact
with and regulate (or be regulated by) a wide variety of non-GPCRs as well as non-
receptor substrates, including IGF-1R, insulin-R, EGFR, ERK, MEK, IkBa, and p38,
which demonstrates its capacity to impact a diverse set of cellular functions through
both phosphorylation-dependent and -independent mechanisms [2]. These non-
canonical roles of GRK2 allow for this kinase to influence basic cellular processes
such as inflammatory gene expression, cellular migration, as well as mitochondrial
metabolism [3]. The role for GRK2 in these cellular functions has been extensively
examined in cardiac, immune and other cell types [2,4,5], but the role of GRK2 in
intestinal epithelial cells is not well known.

Mucosal surfaces, including the intestinal tract, are lined by epithelial cells and
are critical in defining and maintaining a barrier between the host and external
environment. Dysregulation of this barrier integrity leads to inflammatory processes
including inflammatory bowel disease (IBD) [6,7][8,9]. Intestinal epithelial cell healing
(proliferation, differentiation, migration) and other epithelial dynamics such as
permeability become impaired in inflammatory bowel disease [10]. In addition,
patients with chronic IBD are also at increased risk for colitis-associated colon

cancer. Thus, understanding the signaling mechanisms that regulate colonic
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epithelial cell biology is important for long-term drug development strategies for IBD
and colitis-associated colon cancer.

IBD is associated with an increase in inflammatory cytokines, such as TNFa,
and these cytokines have been shown to alter the ability of epithelial cells to repair
damage to the monolayer. These changes are mediated via intracellular signaling
through regulation of NFkB and MAPK pathways which affect epithelial cell
apoptosis, proliferation and migration from the crypts [11]. In previous studies, we
and others showed that GRK2 is an important regulator of TNFa signaling in myeloid
cells both in vitro and in vivo [12—-17]. However, the function of GRK2 in intestinal
epithelial cells in the context of TNFa signaling processes is not known. Therefore, in
this study, we examined the role of GRK2 in colonic epithelial cells in terms of
various cell biological responses including cell signaling pathways that are
modulated by GRK2. Our studies underscore a critical role of GRK2 in intestinal
epithelial cell wound healing in vitro. Part of this regulation occurs via the role of
GRK2 in TNFa-induced ROS-ERK pathway and subsequent MMP expression.
Consistent with in vitro findings, we also demonstrate that intestinal wound healing is

enhanced in GRK2 heterozygous knockout mice in vivo.
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MATERIALS AND METHODS
Cell Culture and Knockdown of GRK2

Human colon epithelial cell line SW480 was obtained from ATCC and was
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose and
supplemented with 10% (v/v) fetal bovine serum (Life Technologies) along with 5%
penicillin/streptomycin (Life Technologies). These cells were grown at 37° C in a
humidified 5% CO, incubator. One hour prior to stimulation, cells were replenished
with culture media without FBS and then stimulated with 20 ng/ml of TNFa
(PeproTech) for various time points as indicated. For knockdown of GRK2, 1 million
cells were treated with 25 pmoles of “SmartPool siRNA” containing a mixture of four
designed siRNAs targeting GRK2 or scrambled siRNA (Dharmacon) and
electroporated using an Amaxa V electroporation instrument using the standard
protocol provided by the supplier and solution V (Lonza) and program L-024. The
cells were then incubated for 48 hours to facilitate knockdown before being used for
experiments.
Scratch Wound Healing Assay

SW480 cells were cultured in a 6-well plate and the confluent cells were used
for in vitro scratch-wound assay [18]. Cells were treated with TNFa (20 ng/ml) or
vehicle at time 0 hours. To create the wound, a uniform scratch was created
vertically in the culture dish using a 200 pl plastic pipette tip and the plate was then
incubated for 48 additional hours in the presence of mitomycin C (1 pg/ml) to inhibit
proliferation. The scratch was assessed and photos of the wound were taken at 0, 16,
24, 32, and 48 hours. Images were taken with cellSens Software (Olympus) and the
distance of the wound was calculated by measuring the distance between the
leading edges of the wound using ImageJ software. Effect of TNFa on wound

healing was calculated by comparing the pixel values of TNFa treated cells in control
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siRNA and GRK2 siRNA groups to their corresponding untreated cells at each time
point and expressed as fold untreated cells.
Proliferation Assay

After siRNA transfection, SW480 cells were cultured in a 96 well plate at a
concentration of 50,000/well for 24 or 48 hours and stimulated with TNFa (20 ng/ml)
or vehicle for 24 or 48 hours. The amount of proliferation was determined using the
CyQuant Cell Proliferation Assay (Thermo Scientific). In short, after TNFa treatment
the media was removed and the plate was incubated at -80° C overnight. The
following day the plate was thawed and a DNA binding dye in lysis buffer was added
to each well and the fluorescence was read on a Tecan M2000 spectrophotometer at
485 nm excitation and 530 nm emission and compared to a standard curve.
Apoptosis Assay

After siRNA transfection, SW480 cells were cultured in 6-well plates at a
concentration of 1 million cells/well for 48 hours and were treated with TNFa (20
ng/ml) for 24 or 48 hours. Apoptosis was quantified using Annexin V Apoptosis
Detection Kit (eBioscience) according to the manufacturer's protocol. Cells were
quantified using LSR Il flow cytometer and data was analyzed using FlowJo software.
Data was divided into 4 categories: Live (Annexin V “-“, Propidium lodide (PI) “-%),
Early Apoptotic (Annexin V “+”, Pl “-), Apoptotic (Annexin V “+”, Pl “+”), and
Necrotic/Dead (Annexin V “-“, Pl “+”).
ROS Assay

After siRNA transfection, SW480 cells were cultured in 6-well plates at a
concentration of 1 million cells/well for 48 hours and stimulated for 10 or 20 minutes
with TNFa (20 ng/ml) or vehicle. ROS was measured using CellRox Green Reagent
(Thermo Scientific). Briefly, the cells were pretreated with CellRox Green reagent (5

puM) for 30 minutes. The cells were then treated with TNFa and after the treatment
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washed 3 times with PBS. The cells were fixed with 3.7% formaldehyde for 15
minutes, washed 3 times with FACS buffer (0.5% BSA, 0.05% Sodium Azide, in 1x
PBS) and quantified using LSR |l flow cytometer and analyzed using FlowJo
software. Data is expressed as mean fluorescent intensity (MFI).
Invasion Assay

After siRNA transfection, SW480 cells were cultured in a 6-well plate to
facilitate the siRNA mediated knockdown of GRK2. After 48 hours, the cells were
removed from the plate and 20,000 cells were seeded in serum free media in the
upper chamber of transwell inserts coated with matrigel (Cell BioLabs Inc) and
cellular migration was determined per manufacturer’s protocol. In brief, serum-
containing media was inserted in the lower chamber and the cells were incubated for
48 hours to allow for migration through the membrane in the presence or absence of
TNFa (20ng/ml). After 48 hours the migrated cells were detached using the
manufacturer’'s detachment solution and lysed in lysis buffer. A fluorescent dye was
added to the lysate and fluorescence was read on a Tecan M2000
spectrophotometer at 485 nm excitation and 530 nm emission.
RT-PCR

RNA was extracted from SW480 cells using the RNEasy Kit (Qiagen) and
treated with DNase (LifeTech) per manufacturer’s protocol. A total of 1 uyg RNA was
used for the template for single-stranded cDNA synthesis. Quantitative real-time
PCR was performed for the various genes and the cDNA was amplified using SYBR
Green Pro Master Mix and the genes of interest were normalized to the
corresponding hypoxanthine-guanine phosphoribosyltransferse (HPRT) controls as
described before [19]. All primers used in this set of experiments are listed in Table

2.1.
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Table 2.1. List of genes measured and primer sequences for RT-PCR

GENE SEQUENCE
HPRT F -5 GAC CAG TCA ACA GGG GAC AT 3’
R-5AACACTTCGTGGGGTCCTTITCZJ
IL6 F-5 TCGAGC CCACCGGGAACGAAY
R-5" GCAACT GGACCGAAGGCGCT &
CXCL8 F-5 GTGCAGTTT TGC CAA GGA GT 3’
R-5CTCTGCACCCAGTITTCCTJ
TNFa F-5"TAT CTC TCA GCT CCACGCCAZ
R-5TCT CGA ACC CCG AGT GAC AA 3’
MMP9 F -5 GAG TGG CAG GGG GAAGAT GC &
R-5"CCT CAG GGC ACT GCAGGATG 3’
MMP7 F -5 GGA GGA GAT GCT CAC TTC GAT 3’
R -5 AGG AAT GTC CCATAC CCAAAGA3J
uPA F-8 ATT TGT GAG GCC CAT GGT TG 3
R-5AAACCGCTGCTCCCACATT3ZJ
GRK2 F-5 ACCCGCCCACCCGCCTITTAZ
R-%

GCT GGG GCC ACG GGAAATCAZ
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Western Blot Analysis

Sample preparation and Western blot analysis were done as described before
[20]. Briefly, cells were lysed in lysis buffer (20mM Tris-HCI (pH 7.4), 1 mM EDTA,
150 mM NacCl) containing 1% Triton X-100 and protease inhibitors (protease inhibitor
cocktail, Roche Diagnostics) and phosphatase inhibitors. Insoluble material was
removed by centrifugation and protein concentration was determined by Bradford
assay. Proteins in the cellular lysates were separated 10% SDS-PAGE and the gel
was electro-blotted against nitrocellulose membrane (Thermo Fisher Scientifics).
Following this transfer, the blot was probed with specific primary antibodies for pERK
1/2, total ERK-2, p38, pp38, JNK1/2, pJNK1/2 and tubulin (Santa Cruz) as well as
IkBa and plkBa (Cell Signaling) diluted in LiCor blocking buffer (LiCor) and followed
by anti-rabbit or anti-mouse IR dye-conjugated secondary antibodies (LiCor). The
blot was scanned and analyzed with an Odyssey LiCor instrument along with its
software Odyssey.
Mice

GRK2 heterozygous mice were obtained from Jackson Labs (kindly donated
by Dr. Robert Lefkowitz, Duke University). Animals were bred at Michigan State
University by breeding GRK2 heterozygous mice with wild-type mice. Note that
homozygous knockout of GRK2 are embryonically lethal [21]. All animals were
housed in a specific-pathogen-free facility maintained at 22-24 C with a 12H light-
dark cycle and were given mouse chow and water ad libitum. All animals were
performed with age- and sex- matched mice (males) between 8 and 10 weeks of age.
All animal procedures were approved by the Michigan State University IACUC and

conformed to NIH guidelines.
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Statistical Analysis

All values are represented as mean +/- SEM. All data were tested for
statistical analysis for statistical significance using unpaired Student's T-test (two
sample comparisons) and Analysis of Variance (ANOVA) with Tukey post-hoc test
(more than 2 sample comparisons). The analysis was done using Prism GraphPad

software. A p-value <0.05 was considered significant.
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RESULTS
GRK2 Suppresses TNFa Induced Epithelial Wound Closure

The present studies were designed to investigate the role of GRK2 in TNFa
signaling in intestinal epithelial cells. In other studies, TNFa has been shown to
significantly modulate the intestinal wound healing response and protect from
intestinal epithelial apoptosis [11]. To this end, we performed a scratch wound-
healing assay with SW480 cells (human colonic epithelial cell line) to identify the role
of GRK2 in TNFa-induced wound healing. For this, cells were transfected with either
control siRNA or GRK2 siRNA and plated as described in the methods. GRK2
knockdown was ~80-90% compared to controls (Figure 2.1.A-B). The wound was
induced by scratch assay and wound closure was monitored up to 48 hours.
Proliferation was inhibited using mitomycin C and therefore any cells in the wound
space are the result of cell migration and not due to cell proliferation. The scratch-
induced wound size was similar in each experimental group at time 0. The effect of
TNFa on wound closing was calculated by normalizing the size of the wound in
treated versus untreated cells (i.e. fold untreated) in the respective siRNA groups
(Ctrl siRNA and GRK2 siRNA). We observed that the amount of wound closure was
similar between untreated and TNFa treated groups in the control siRNA transfected
cells, at all the time points tested. However, in the GRK2 knockdown cells, wound
size was markedly reduced in response to TNFa (Figure 2.1.C-D). This suggests
that GRK2 normally inhibits TNFa-induced wound healing and therefore, its
knockdown unmasks the healing potential of TNFa. Importantly, the concentration of
TNFa used in these experiments had no effect on SW480 proliferation or apoptosis
between the control and the GRK2 knockdown cells (Figure 2.2.A-B). To further

understand whether this phenomenon was kinase activity-
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Figure 2.1. GRK2 inhibits wound healing in SW480 cells

A) SW480 cells were transfected with either scrambled siRNA (siCtrl) or GRK2
siRNA (siGRK2) and incubated for 48 hours to facilitate knockdown of GRK2.
Representative western blot and their quantification showing levels of GRK2 after
siCtrl or siGRK2 treatment. Tubulin is shown as loading control. B) Gene expression
levels of GRK2 in cells treated with either siCtrl or siGRK2 (n=5). C) Confluent
SW480 cells were wounded through the generation of a linear scratch and the cells
were photographed at 0, 16, 24, 40 and 48 hours. At the time of wounding mitomycin
C was added to prevent proliferation. The cells were treated with TNFa (20 ng/ml) at
the onset of the linear scratch. Differences between amount of wound closed at each
time point between untreated and treated cells for both siCtrl and siGRK2 cells (1 =
no difference) was calculated through ImageJ Software and by identifying leading
edge of the wound. Data expressed as fold untreated cells for each time point. (n=9).
Wound closure relative to control at 48 hours is also shown on the right. D)
Representative image from each group shows the area of wound closure at 0, and
48 hours at 4x magnification. Mean +/- SEM, * p < 0.05, ** p < 0.01, *** p < 0.001,
****p <0.0001.
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Figure 2.1. (cont’d)
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Figure 2.2. GRK2 does not affect TNFa induced apoptosis or proliferation in
SW480 cells

A) After siRNA transfection, SW480 cells were cultured in 6-well plates at a
concentration of 1 million cells/well and were treated +/-TNFa (20 ng/ml) for 24 and
48 hours in order to induce apoptosis. Data is expressed as % total cells quantified
by flow cytometry. (n=3) B) Proliferation was assessed by measuring total DNA from
either siCtrl or siGRK2 treated cells +/- TNFa (20 ng/ml) for 24 and 48 hours. Equal
numbers of cells were plated and DNA concentration was measured after TNFa

treatment. (n=6) Mean +/- SEM, * p < 0.05.
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dependent we performed the wound healing experiments in the presence of a GRK2
kinase inhibitor, paroxetine. Paroxetine binds to the active site of GRK2 inhibiting its
kinase function [22]. Pretreatment of SW480 cells with paroxetine (10 uM) did not
affect wound healing in the absence or presence of TNFa, suggesting that our
observations with GRK2 knockdown are likely kinase independent (data not shown).
Together, our results indicate that knockdown of GRK2 in intestinal epithelial cells
accelerates TNFo-induced wound healing process.
GRK?2 Differentially Modulates TNFa Signaling in SW480 Cells

Previous studies have shown that GRK2 can influence TNFa signaling in
macrophages [12]. Our results here suggest that GRK2 can significantly impact
TNFa-induced wound healing in epithelial cells. To examine the signaling
mechanisms by which this occurs, we treated control and GRK2 siRNA transfected
SW480 cells with TNFa for various time points (0 to 90 min) and examined the cell
signaling pathways. TNFa stimulation led to increases in phosphorylation of lkBa
and ERK1/2 in the control siRNA treated cells (Figure 2.3.A-B). Surprisingly, these
effects were differentially affected in the GRK2 knockdown cells. TNFa-induced IkBa
phosphorylation was significantly inhibited in the GRK2 knockdown cells whereas
ERK1/2 phosphorylation was markedly enhanced (Figure 2.3.A-B). These results
demonstrate opposing roles of GRK2 in MAPK and NFkB pathways, with GRK2
augmenting the NFxB pathway and simultaneously inhibiting the ERK pathway.
Other signaling pathways including JNK and p38 were not consistently affected by
GRK2 knockdown (data not shown). Overall, these results suggest that GRK2 is an
important regulator of ERK1/2 and IkBa signaling pathways in intestinal epithelial
cells.
GRK2 Alters TNFa Induced Gene Expression

Both ERK1/2 and NFkB pathways are potent regulators of gene transcription;
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Figure 2.3. GRK2 differentially affects TNFa signaling pathway in SW480 colon
epithelial cells

A) Representative blots show protein levels analyzed by Western Blot as well as
loading controls. GRK2 knockdown upregulates pERK and downregulates plkBa.
ERK and Tubulin are loading controls. B) Quantification of western blots for
pERK/ERK and plkBa/lkBa. Means +/- SEM, * p < 0.05. ** p < 0.01, compared to the
corresponding siCtrl group. (n=5)
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therefore we sought to identify which inflammatory and matrix modifying genes are
altered by GRK2 knockdown at 6 and 24 hours post-TNFa treatment. TNFo-induced
expression of genes that encode extracellular matrix degradation, including matrix
metalloproteinase 7 (MMP7), matrix metalloproteinase 9 (MMP9), as well as
urokinase plasminogen activator (uPA), were all markedly enhanced in the GRK2
knockdown cells as compared to control cells at 24 hours (Figure 2.4.A). Whereas
after 6 hours of stimulation we observed a mixed response in inflammatory gene
expression where TNFa-induced expression of CXCL8 and TNFa was markedly
enhanced in the GRK2 knockdown cells (compared to control siRNA cells) and IL6
expression was significantly decreased in GRK2 knockdown compared to control
cells (Figure 2.4.A). After 24 hours of TNFa treatment, there essentially was no
difference in the expression of these 3 genes between control and GRK2 knockdown
groups.

Because MMPs are important in cell migration and MMP9 has been shown to
be regulated via the ERK pathway, we investigated whether the TNFa-induced
MMP9 in SW480 cells is ERK dependent. To this end, we treated control and GRK2
knockdown cells with MEK1/2 inhibitor U0126 (10 uM, 40-minute pretreatment) prior
to TNFa treatment. Inhibition of MEK-ERK pathway abolished TNFa-induced MMP9
expression, confirming that MMP9 expression is driven via the ERK pathway in both
control and GRK2 knockdown groups (Figure 2.4.B). We also examined the
transcripts of MMP7 and uPA but observed that their regulation is not ERK
dependent. We attempted to inhibit the IkBa pathway using the IKK inhibitor BMS-
345541 but the combination of the inhibition of the pro-survival NFkB and the
stimulation with TNFa was detrimental to the cell survival in culture at both 6 and 24
hours (data not shown). To further confirm that an increase in MMP9 activity is

important in migration through an extracellular matrix we subjected the SW480
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Figure 2.4. GRK2 differentially regulates TNFa-induced gene expression in
SW480 cells

A) GRK2 knockdown alters TNFa-induced gene expression in SW480 colon
epithelial cells transfected with siCtrl or sSiGRK2. Gene expression levels were
assessed by analyzing mRNA levels using real-time PCR after TNFa stimulation
(20ng/ml) for O (untreated), 6, and 24 hours and normalized to HPRT then expressed
as % maximal expression. (n=5) B) Cells were either treated with siCtrl or siGRK2
and stimulated with TNFa (24 hours) in the presence or absence of MEK inhibitor
U0126. Gene expression levels of the indicated genes were assessed and
normalized to HPRT then expressed as % maximal expression. (n=3) C) Following
siRNA transfection cells were seeded in the upper chamber of a transwell insert
coated with matrigel. Following 48 hours incubation with TNFa, migrated cells were
detached and lysed and quantified using a fluorescent dye and expressed as fold
control (n=3). Means +/- SEM, p < 0.05, ** p <0.01, *** p < 0.001.
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Figure 2.4. (cont’d)
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cells to a matrigel invasion assay. Control and GRK2 knockdown SW480 cells were
seeded in the upper chamber of a transwell insert coated with matrigel and allowed
to migrate towards serum for 48 hours in the presence or absence of TNFa
(20ng/ml). As shown, GRK2 knockdown cells treated with TNFa showed enhanced
degradation of the matrigel layer and subsequent increase in migration towards the
serum stimulus (Figure 2.4.C). Recently, groups have demonstrated that, in other
epithelial cell models, MMP9 is critical for the onset and activation of epithelial
migration and wound repair [23] suggesting that the effect of GRK2 on ERK1/2
activation and MMP9 expression may be responsible for the increase in TNFa
induced wound healing in these cells.
GRK2 Localizes in the Mitochondria and Inhibits ROS Production

In previous studies, we have shown that GRK2 can directly regulate TNFa-
induced lkBa phosphorylation [12]. Moreover, because the cellular phenotype (MMP
expression and wound healing [23—-25]) appears to be regulated via the ERK
pathway, we focused on determining the mechanisms by which GRK2 regulates the
TNFoa-induced ERK pathway. To define how GRK2 knockdown enhanced ERK1/2
phosphorylation, we initially focused on known GRK2 binding partners with respect
to the ERK pathway (mainly MEK1/2). However, our immunoprecipitation approach
did not identify MEK1/2 as a binding partner for GRK2 in these cells (data not
shown). Therefore, we pursued an unbiased mass-spectrometry approach to identify
the various partners of GRK2 in the SW480 cells. For this we immunoprecipitated
GRK2 from the lysates of untreated cells and subjected the eluate to gel
electrophoresis and reverse-phase chromatography, followed by ionization and mass
spectrometry. After fragmentation through high-energy collision-induced dissociation,
data analysis on the fragments was performed primarily through Proteome

Discoverer, with a secondary analysis performed using Scaffold. Note that the
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controls were immunoprecipitated using a species- and isotype- matched non-
specific IgG. This approach provided 27 unique proteins that co-immunoprecipated
with GRK2 in the SW480 cells (Figure 2.5.A-C). Several of these proteins are
localized/associated with mitochondria or mitochondrial functions suggesting that
GRK2 may be playing a critical role in mitochondrial behavior (Figure 2.5.B and
Table 2.1.).

To further determine if GRK2 can localize to the mitochondria, we isolated
mitochondria from untreated and TNFa treated SW480 cells and subjected them to
SDS-PAGE followed by Western blotting for GRK2. We found that GRK2 is
detectable in the mitochondria even under basal conditions as well as at 10 minutes
and 3 hours after TNFa stimulation, indicating that GRK2 is not only present in the
mitochondria but remains there even under inflammatory conditions (Figure 2.6.A).
To further assess the functional consequences of GRK2 being present in the
mitochondria we measured generation of reactive oxygen species (ROS) in control
and GRK2 knockdown cells. We focused on ROS because previous studies have
shown that ROS generation can lead to ERK activation [26]. Therefore, we treated
control and GRK2 siRNA transfected SW480 cells with TNFo. and examined ROS
production using flow cytometry. There was a modest increase in TNFa-induced
ROS production in control cells over the time points tested; however, in the GRK2
knockdown cells, ROS production was significantly enhanced and this was more
evident at 10 min following TNFa treatment (Figure 2.6.B-C).

Increase in ROS is Responsible for Increase in ERK1/2 Phosphorylation

ROS is produced by a variety of cell types but is normally viewed as harmful
to both cells and tissues. Over the last few decades, the functional capabilities of
ROS have been expanding and ROS has been shown to play alternative roles other

than causing harmful effects. ROS generation in non-phagocytotic cells (at low

92



Figure 2.5. GRK2 interacts with a number of intracellular proteins in SW480
cells

Endogenous GRK2 was immunoprecipitated from untreated SW480 cells and the
eluates subjected to SDS-PAGE. After confirmation of efficient and specific IP of
GRK2 (A), the bands from the gels were extracted and subjected to digestion,
extraction and Mass spectrometry as described in the methods. B) The list of
mitochondrial proteins identified proteins. All other proteins identified are provided in
the supplementary table. Note that the list includes proteins that were exclusively co-
immunoprecipitated by GRK2 IgG (n=3). C) Representative readout of identification
process for proteins. Shows entire amino acid sequence for protein selected and
shows minimum peptide threshold for identification.
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Table 2.2. Unique proteins co-immunoprecipitated with GRK2

SW480 cells were lysed and 2 mg of total lysate was immunoprecipitated with the
anti-GRK2 antibody on Protein A agarose beads. After isolation, bound proteins
were analyzed and identified using mass spectrometry. All significant proteins bound
to GRK2 identified are listed in the above table in order of significance. (n=3)

Protein p Value
Beta-adrenergic receptor kinase 1 0.00048
E3 ubiquitin-protein ligase TRIM21 0.00056
60S ribosomal protein L10a 0.0058
40S ribosomal protein S24 0.0075
78 kDa glucose-regulated protein 0.0094
Acetyl-CoA carboxylase 1 0.016
Arginine--tRNA ligase, cytoplasmic 0.016
F-box only protein 22 0.016
Heat shock 70 kDa protein 4 0.016
Heterogeneous nuclear ribonucleoprotein H3 0.016
Maleylacetoacetate isomerase 0.016
Probable ATP-dependent RNA helicase DDX41 0.016
Succinate dehydrogenase [ubiquinone] flavoprotein subunit, 0.016
mitochondrial

Elongation factor Tu, mitochondrial 0.024
Heterogeneous nuclear ribonucleoprotein M 0.026
Stress-70 protein, mitochondrial 0.034
Nucleolin 0.035
60S ribosomal protein L23 0.038
60S ribosomal protein L38 0.038
T-complex protein 1 subunit theta 0.039
Nucleophosmin 0.04
Heterogeneous nuclear ribonucleoprotein U-like protein 1 0.041
Mitochondrial ribosome-associated GTPase 2 0.046
D-3-phosphoglycerate dehydrogenase 0.047
Heat shock cognate 71 kDa protein 0.047
Platelet-activating factor acetylhydrolase IB subunit gamma 0.047
Serine hydroxymethyltransferase, mitochondrial 0.047
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Figure 2.6. GRK2 is present in the mitochondria in SW480 cells and regulates
TNFa-induced ROS generation

Isolated Mitochondria shows GRK2 localization in mitochondria in the absence and
presence of TNFa (20 ng/ml). A) Representative western blot identifies location of
GRK2 in different cellular fractions. To see specificity of fractionation, tubulin is used
for cytoplasmic fraction control and VDAC is used for mitochondrial fraction. (n=3) B)
GRK2 knockdown enhances ROS Expression. SW480 cells were treated with either
siCtrl or siGRK2 and after 0, 10, or 20 minutes of TNFa stimulation; ROS production
was measured and analyzed using flow cytometry. Data expressed as % maximal
expression (n=3). C) Representative histogram of ROS expression after 10 minutes
of TNFa expression. Lighter color is siCtrl and darker is siGRK2. (n=3). Means +/-
SEM, * p < 0.05.
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concentrations) is recognized as ubiquitous intracellular messengers that can
activate mitogen-associated signal transduction pathways, including ERK1/2 [27,28].
To determine if the observed increase in ROS generation was causative for the
increases in phosphorylated ERK1/2 in SW480 cells, we treated these cells with a
superoxide inhibitor, N-acetylcysteine (NAC), to inhibit the production of ROS and
demonstrate the link between ROS and ERK1/2 activation. Control and GRK2
knockdown SW480 cells were pretreated with NAC (100 uM) for 30 minutes and
then stimulated with TNFa for 30 minutes. In the groups untreated with NAC we
observed that knocking down GRK2 caused a significant increase in the pERK1/2
(as expected), but in the presence of NAC, ERK activation was suppressed
especially in the GRK2 knockdown cells (Figure 2.7.A). This data demonstrates that
the enhanced ERK activation observed in the GRK2 knock down cells following
TNFa stimulation is due to increase in ROS generation. To further link ROS
generation to wound healing response, we repeated the wound healing assay in
control and GRK2 knockdown cells pretreated with NAC and untreated or treated
with TNFa for 48 hours. As shown NAC significantly inhibited the effect of GRK2
knockdown on TNFa-induced wound closure (Figure 2.7.B). Together this data
supports the role that GRK2 inhibits TNFa induced wound healing in these cells via
the ROS pathway.
GRK2 Heterozygous Mice are protected in Intestinal Wound Healing Model

Our in vitro wound-healing assay indicated that knocking down GRK2 in
intestinal epithelial SW480 cells improved their ability to close the wound in the
presence of TNFa. A common characteristic of dextran sodium sulfate (DSS)
induced colitis in mice is gross epithelial damage and high levels of TNFa in the
colon [29,30]. To determine if our in vitro results would correlate to an in vivo model

we used mice that were heterozygous for GRK2 and subjected them to a 2.5% DSS
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Figure 2.7. ROS scavenging prevents effect of GRK2 on ERK activation and
wound closure

A) Treatment with N-acetylcysteine (NAC) prevents TNFa-induced increase in pERK
in siGRK2 cells. Cells were untreated or treated with TNFa and NAC as shown.
TNFa treatment was performed for 30 minutes. pERK/ERK levels were assayed as
described in the methods. Representative blot is shown in the top and quantitation in
the bottom. Expressed as fold siCtrl for either no treatment or NAC treatment. (n=3).
Means +/- SEM, * p < 0.05, ** p < 0.01. B) Treatment with NAC prevents TNFa-
induced wound closure in siGRK2 cells. Wound healing experiments were done as
described in the methods. siControl and siGRK2 cells were untreated or pretreated
with NAC followed by treatment (or not with TNFa) for 48 hours as shown. (N=3).
***p<0.01.
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Figure 2.7. (cont’d)
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colitis. Both wild-type (WT) and heterozygous GRK2 mice (GRK2+") were
administered 2.5% DSS in drinking water. Mice were scored daily for weight loss and
external signs of disease measured as Disease Activity Score (DA, indicated by
weight loss, loose and bloody stools, hunched posture, crusty eyes, and ruffled hair
coat) [31]. After 7 days of DSS, the mice were given clean water and allowed to heal
from intestinal inflammation for an additional 5 days. After DSS treatment, DAI
increased after day 7 but recovered after day 12 and were back to normal by day 13
in the wild type mice (Figure 2.8.A). Interestingly, the DAl was significantly
decreased in the GRK2"" group. This was also evident in the histopathology where
GRK2 heterozygous knockout mice showed marked protection (Figure 2.8.B).
GRK2, therefore, is protective in in vivo wound healing, perhaps through alterations

of the epithelial response to TNFa and its influence on wound healing.
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Figure 2.8. Intestinal wound healing is enhanced in GRK2 heterozygous mice
Wild type and GRK2 heterozygous mice were subjected to 2.5% DSS for the
indicated times. A) Disease activity index was determined as described in the text
(n=6-8). B) Histology of the colon from mice subjected to intestinal inflammation at
day 13 (n=6-8). Means +/- SEM, * p < 0.05.
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Figure 2.8. (cont’d)
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DISCUSSION

Since the discovery of GRK2, it has been shown as a key regulator of G-
protein coupled receptor phosphorylation and desensitization. As it continued to be
studied, its role has expanded and it has been shown to have many different
functions both dependent and independent of its catalytic activity [3]. Furthermore,
GRK2 has been shown to regulate non-GPCRs as well as a variety of intracellular
targets leading to a number of cellular roles for this kinase. In this study, we
investigated these non-receptor regulatory capabilities of GRK2 in intestinal epithelial
cells in response to TNFa stimulation.

In previous studies, GRK2 has been demonstrated to play a negative role in
wound healing that is also associated with increased levels of TNFa. Measuring
levels of inflammatory cytokines in the hearts of mice lacking 31-adrengergic
receptor (B1KO) and expressing BARKct (a GRK2 inhibitor) there was an increase in
TNFa, IL-6 and IL-1B 24 hours after undergoing myocardial infarction which is
indicative of increased healing associated inflammation [32]. Alternatively GRK2 was
shown to positively mediate sphingosine-1 phosphate (S1P)-induced ERK1/2
activation and wound closing in HEK293 cells as well as mouse embryonic
fibroblasts [33]. In our studies with colonic epithelial cells, GRK2 inhibited TNFo.-
induced ERK1/2 phosphorylation as well as wound closure, and thus the role of
GRK2 in wound healing per se is different between the two studies. In the above
study GRK2 regulates ERK signaling through modifications of the scaffolding ability
of GIT1 through direct interactions. This modification alters the Rac/PAK/MEK/ERK
pathway leading to eventual changes in migration. While these differences in how
GRK2 regulates the ERK pathway could be attributed to different cell types and
ligands, the role of GRK2 in the SW480 cells offers an alternative pathway of ERK

regulation through modification of TNFa-induced ROS production that acts a
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mitogenic signaling factor to stimulate ERK. Thus, the critical factor between both of
these studies is the activation of the ERK pathway. The role of the ERK pathway in
wound healing is becoming more and more apparent through studies in other
epithelial cells types and several studies have now shown ERK to be a critical
regulator of wound healing and cellular migration [23,24]. Importantly, activation of
the ERK pathway has been linked to improved wound healing responses in a variety
of different cell types, including colonic epithelial cells [34]. Thus, understanding the
mechanisms by which the ERK pathway is regulated in colonic epithelial cells could
lead to identification of better therapeutic targets for intestinal inflammation. In this
context, our results using GRK2 suggest that this may be one additional mechanism
by which ERK pathway and its consequent effect on wound healing is regulated.
Thus, we show for the first time that GRK2 inhibits the TNFa induced wound healing
response in colonic epithelial cells.

The ERK1/2 pathway has a diverse set of roles within the cell including
regulation of cell growth, survival, as well as the regulation of cell motility [35]. A
necessary mechanism for cellular migration and wound healing is the capacity for
matrix degradation through the localized expression of matrix metalloproteinases.
One suggested mechanism for the ability of ERK1/2 to alter migration and wound
healing is the upregulation of MMPs for extracellular matrix remodeling [36]. We
provide evidence that MMP7, MMP9, and urokinase plasminogen activator (uPA)
(another ECM remodeler) are all elevated in GRK2 knockdown cells and that the
increase in MMP9 expression especially is ablated by inhibition of the ERK pathway.
Other studies demonstrate that MMP9 is critical to the onset and activation of
epithelial migration and wound repair in both SW480 cells as well as alternative cell
types such as HEK293 cells [23-25]. Consistent with those studies, our data has

shown that GRK2 knockdown cells have increased invasive capabilities through a
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matrigel layer. Taken together, our studies suggest that GRK2 regulation of the ERK
pathway in SW480 cells modulates MMP9 and consequent epithelial cell migration.
It is possible that MMP7 and uPA (as well as the inflammatory cytokines,
CXCLS8, IL6, and TNFa) are regulated through the changes observed in NFkB
signaling or other unidentified pathways. Our lab has previously confirmed that
GRK2 regulates the expression of CXCL8 and IL6 through alterations of NFkB in
murine macrophages [17]. In this study, we focused on mechanisms and
consequences by which GRK2 regulates the ERK pathway. Thus, regulation of
MMP9 through pERK1/2 and the importance of this MMP in published studies
indicate that it may be sufficient to drive the phenotype we observe in our system.
Previously we showed that GRK2 could directly influence TNFa signaling
through binding to IkBa [12]. Additionally, GRK2 has been shown to interact with
other signaling proteins such as PI3K [37], AKT [38], GIT [39], and MEK1 [40].
Based on these previous studies we hypothesized that GRK2 would interact with an
unknown component of the TNFa signaling pathway to influence regulation of
ERK1/2 in SW480 cells. Interestingly, when we performed an immunoprecipitation
assay for GRK2 in SW480 cells the most abundantly co-purified peptides were not
from the canonical TNFa signaling proteins but rather from mitochondrial proteins.
Indeed, when we isolated the mitochondrial fraction from these cells we observed
that GRK2 is present in the mitochondria both basally as well as after TNFa
stimulation. This ability for GRK2 to be present in the mitochondria has been shown
by other groups in both fibroblasts [41] as well as macrophages [42] and cardiac
myocytes [43] but has never been shown in colonic epithelial cells. Previous work
investigating the role of GRK2 in the mitochondria showed that knocking down GRK2
increases the mitochondrial generation of ROS in response to lipopolysaccharide in

macrophages [42]. Our results on ROS generation in SW480 cells, following TNFa
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stimulation, are consistent with these findings. It should be noted that one of the co-
immunoprecipitated proteins with GRK2 in SW480 cells was succinate
dehydrogenase. Although we do not yet know whether GRK2 directly binds to
succinate dehydrogenase to influence its function, its identification in the
immunoprecipitation experiment is intriguing. Previous studies have shown that
succinate dehydrogenase is important in the generation of ROS [44,45] and
therefore in future studies we will examine the link between GRK2, succinate
dehydrogenase and ROS generation. Our results on ROS generation and ERK
activation are consistent with previous studies demonstrating a strong link between
ROS and ERK pathway [26,46]. In line with this, treatment with superoxide inhibitor
completely abolished the enhanced ERK activation observed in GRK2 knockdown
cells. Together these results indicate that GRK2 is present both in the cytoplasm as
well as in the mitochondria under normal and inflammatory conditions in the colonic
epithelial cells and this presence regulates ROS generation and subsequent
modulation of ERK-mediated wound healing response.

Inflammatory bowel disease is a chronic inflammatory state characterized by
persistent damage to the epithelial barrier in the colon. A common characteristic of
dextran sodium sulfate (DSS) induced colitis model in mice is gross epithelial
damage and high levels of TNFa in the colon. To determine if our in vitro results with
SW480 cells can be correlated to in vivo pathophysiology, we used mice that were
heterozygous for GRK2 and subjected them to a wound healing DSS model. Our
data indicates that knocking down GRK2 does, in fact, protect against intestinal
inflammation, consistent with the in vitro data. It should however, be noted that in
vivo intestinal inflammation involves several different cell types. Even though the
injury is initiated by DSS at the level of the intestinal epithelial cells, pathogenesis of

inflammation involves participation of many different cell types including immune
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cells. Since GRK2 is expressed in many different cell types, it is possible that the
effect observed in the heterozygous mice is not restricted to its role in intestinal
epithelial cells. These certainly are important questions for future studies.

Although very little is known about the role of GRK2 in the colon or in colitis,
GRK2 has been implicated in several diseases including multiple sclerosis [14],
Alzheimer’s disease [47], and rheumatoid arthritis as well as sepsis and
endotoxemia [15]. In addition, others have examined the role of other GRKs,
including GRKG6, in DSS-induced colitis model and shown that mice deficient in
GRK6 have enhanced immune cell infiltration and enhanced severity of colitis [48].
These results suggest that the role of the various GRKs in colitis models could be
different and warrant further detailed investigation. Altogether these studies show a
regulatory capacity for GRKs in the colon and a vital role of GRK2 in inflammation,
this merits future work on the mechanism of protection and the role of GRK2 in colitis.

In conclusion, our studies unravel a critical role for GRK2 in TNFa signaling in
colonic epithelial cells and potential role for GRK2 in intestinal inflammation. Through
regulation of ROS-generated ERK1/2 phosphorylation GRK2 knockdown enhances
the ability of SW480 cells to close a wound possibly through increased MMP9
expression. These studies suggest GRK2 as a possible therapeutic target in

intestinal inflammation.
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CHAPTER 3: GRK2 DEFICIENT MICE ARE PROTECTED FROM DEXTRAN SODIUM
SULFATE-INDUCED ACUTE COLITIS
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ABSTRACT

G-protein coupled receptor kinase 2 (GRK2) levels have been shown to be
elevated in inflammatory diseases such as sepsis. In addition, GRK2 has been shown
to modulate inflammatory response in vitro and in vivo via canonical (GPCR
phosphorylation-dependent) and non-canonical (GPCR phosphorylation-independent)
functions. Therefore, we hypothesized that ablation of GRK2 would significantly
modulate the pathogenesis of dextran sodium sulfate (DSS) induced acute colitis in
mice. To test this, we administered DSS to C56BL/6 wild-type (WT) and GRK2
heterozygous (GRK*") mice in their drinking water for 7 days. GRK2*" mice were
protected from DSS induced colitis as demonstrated by decreased weight loss (GRK*"
end weight at 89% of initial vs WT 80%), lower disease activity index scores (GRK*"
4.1, WT 9.1), and increased colon lengths (GRK*" 5.3 cm vs WT 4.7 cm) as compared
to WT mice. To examine the cellular mechanism by which GRK2 deficient mice are
protected from colitis, we investigated the role for GRK2 in a myeloid specific knockout.
Our results demonstrate that GRK2 deficiency in the myeloid cells is sufficient for the
protection observed in the heterozygous mice. In both models we observed no major
differences between WT and KO in immune populations in the colonic lamina propria or
the mesenteric lymph nodes. Interestingly, we observed reduced inflammatory
cytokines IL17, GMCSF, as well as the IL6/IL10 ratio in the colon of GRK2 knockout
compared to the WT mice. Together our results indicate that the protective effects on
colitis observed in both the GRK2 myeloid and heterozygous knock out may be

regulated by a non-canonical, non-GPCR related function of GRK2 in inflammation.
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INTRODUCTION

The intestinal tract, one of the body’s largest mucosal lined surfaces, is essential
in creating and maintaining the barrier between the luminal environment and the host.
Alterations and damage to the integrity of this barrier can lead to various inflammatory
processes and pathologies, one of which is inflammatory bowel disease (IBD) [1-4].
IBD itself presents as a multifactorial disease that results from dysregulation of the
immune response and the epithelial cells lining the intestinal barrier. Regulating the
response of the immune system to foreign antigens is particularly important in
controlling the levels of inflammatory mediators and maintaining gut homeostasis.
Modern therapies for the treatment of IBD include both anti-inflammatory as well as
immunosuppressive therapies but given its diverse etiology these therapies are not
effective for a significant proportion of patients or decrease in their efficacy over time [5].
Therefore it is critical to further our understanding of both the progression of IBD and
the factors that regulate its pathogenesis. Importantly, we need to identify novel targets
and methods for treating IBD.

G-protein coupled receptor kinases (GRKs) were originally identified in their
ability to regulate G-protein coupled receptors through phosphorylation of the
intracellular domains and recruiting 3-arrestins for the subsequent desensitization of
those receptors. Despite this vital biological role, our knowledge on the behavior of
various GRKs, specifically GRK2, has been expanding to include non-receptor
substrates including members of the NFkB pathways, MAP kinase pathways, and other
non-GPCR receptors including EGFR and IGF-1R. This diverse set of binding partners
allows for GRK2 to regulate cellular processes such as inflammatory gene expression

and cellular migration [6]. This role of this kinase for these cellular processes has been

116



extensively examined in cardiac, immune, and other cell types [7—-9] and recently work
in our lab has shown a critical role for GRK2 in intestinal epithelial wound healing [10].
Therefore in this study we examined the role of GRK2 in the pathogenesis of acute DSS
induced colitis using GRK2 deficient mice. Our studies highlight a critical role for GRK2
in the onset and regulation of acute colitis as seen by improved disease scores and
weight loss in the heterozygous knockout mice than seen in wild type mice. Our results
further demonstrate that the myeloid-specific GRK2 is sufficient for this protective
response. This protection is in part due to alterations in inflammatory cytokine
production in the mucosal tissue and not likely due to differences in immune cell

chemotaxis.
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MATERIALS AND METHODS
Mice

GRK2 heterozygous mice (C57BL6 background) were obtained from Jackson
Labs (kindly donated by Dr. Robert Lefkowitz, Duke University) and were bred at
Michigan State University by breeding GRK2 heterozygous mice with wild-type mice. It
is important to note that homozygous knockout of GRK2 mice are embryonically lethal
[11]. Myeloid-specific GRK2 deficient mice were generated as previously described [12].
In short, GRK2" mice where exons 3-6 of GRK2 are flanked by LoxP sites (kindly
donated by Dr. Gerald Dorn I, Washington University School of Medicine, St. Louis).
These mice were backcrossed to C57BL6 background for more than 12 generations.
These mice were crossed with LysMCre mice (C57BL6 background from Jackson Labs)
resulting in GRK2"™sMe® mice These mice were bred by mating GRK2"" mice with
GRK2"MLysMCre Eqr experiments GRK2"™*sMC \vere used in experiments and
compared to littermate GRK2"" controls. The mice were bred and housed in a specific-
pathogen-free facility and were maintained at 22-24°C with 50% humidity a 12 hour light
dark cycle. Mouse chow and water were provided ad libitum. All experiments (with
exception of the initial female cohort) were performed with age- and sex- matched mice
between 8 and 12 weeks of age. All animal procedures were approved by the Michigan
State University IACUC and conformed to NIH guidelines.
DSS-Induced Colitis Model

Mice were administered either 3.5 to 4.25% dextran sodium sulfate (wt/vol) in
their drinking water for the indicated times (generally 7 days) and then provided water
for an additional day before euthanasia. During this treatment, mice were examined

daily and scored for disease activity index under the following criteria: stool consistency
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(1-loose), blood present in stool (1-mild, 2-gross), ruffled hair coat (0 or 1), crusty eyes
(0 or 1), and hunched posture (0 or 1) and weight loss (1-0-5%, 2-5-10%, 3-10-15%). At
the time of harvest splenic weight, colon length, and colon weight were additionally
measured.
Sample Preparation

At the termination of DSS treatment, mice were euthanized through CO
asphyxiation. Spleen, mesenteric lymph nodes (MLN) and bone marrow were collected
and processed as previously described [13]. In short, spleen and MLN were
homogenized, treated with red blood cell lysis buffer, filtered through 40 um nylon mesh
and counted for stimulation or flow cytometry analysis. Bone marrow cells were
analyzed as previously described [14]. At harvest, after removal of fecal content, colon
lengths and weights were noted and 5 mm segments of colon were flash frozen for
mMRNA and protein isolation or prepared for histology. The remaining colon was
processed as previously described for leukocyte isolation [15]. In short, the colon was
cut into 5 mm segments and incubated in epithelial dissociation buffer at 25°C with
gentle agitation for 30 minutes. These segments were further cut into 1 mm segments
and incubated for one hour in 0.5 mg/ml collagenase D. Finally, the pieces were
strained through a 100 micron filter and loaded onto 80:40 percoll gradients. Cells were
ultimately collected from the interface and used as leukocyte fraction after a wash in
phosphate-buffered saline.
Flow Cytometry

Processed cells were incubated with fcyR blocking antibody to block non-specific
binding and were then surface stained with antibody cocktail and washed with staining

buffer (phosphate-buffered saline with sodium azide and bovine calf serum). When

119



required, intracellular staining was performed by fixing the cells using fixation buffer
(eBioscience) and permeabilized and washed with perm buffer (phosphate-buffered
saline with sodium azide and saponin, eBioscience). The antibodies used against cell
surface markers were CD11b, F4/80, Ly6G, CD3, CD4, CDS8; intracellular cytokines
were IL-10 and TNFa. All antibodies were obtained from eBiosciences and used as per
the manufacturer’s instructions. All cells were run on LSR Il and the data was analyzed
using FlowJo software.
Cytokine/Chemokine Measurements

Cytokines were measured from plasma and ex vivo culture supernatants using
enzyme-linked immunosorbent assay kits from eBiosciences Inc as per manufacturer’s
protocol.
RT-PCR

For determination of relative levels of RNA transcripts, RNA was isolated from
snap frozen tissue using Qiagen RNeasy mini kit following the manufacturer’s protocol.
Reverse transcription was performed on 1 ug of RNA for single-stranded cDNA
synthesis. Quantitative real-time PCR was performed for various genes of interest and
the cDNA was amplified using SYBR Green Pro Master Mix with hypoxanthine-guanine
phosphoribosyltransferase (HPRT) as the normalization control as described before
[16].
Permeability (Ussing, In Vivo FITC)

In vivo permeability was determined by measuring paracellular permeability of 4
kDa fluorescein isothiocyanate (FITC)-dextran as previously described [17,18]. In short,
mice were orally gavaged 300 mg/kg FITC-dextran in a total volume of 150 uL. 4 hours

after administration serum was obtained by cardiac puncture after CO, asphyxiation and
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fluorescence intensity was read on a Tecan M2000 spectrophotometer at 485 nm
excitation and 530 nm emission and compared to a standard curve. Ex vivo permeability
was determined as previously described [19] by removing proximal sections of colon
and mounting them in Lucite chambers that were then placed in Ussing chambers
(Physiologic Instruments) that exposed mucosal and serosal surfaces to oxygenated
(95% O2, 5% CO2) Krebs bicarbonate ringer buffer (Sigma). Intestinal sections were not
stripped of underlying muscle. The buffer was heated to 37 C by a heated water jacket
and the samples were allowed to equilibrate to this temperature for 30 min. For
measuring flux across the tissue, 4 kDa FITC-dextran (2.2 mg/ml final concentration)
was added to the mucosal chamber; 10 kDa rhodamine B isothiocyanate (RITC)-
dextran (0.55 mg/ml final concentration) was also added to the mucosal chamber and
used as a control for tissue integrity. Serosal chamber samples were collected at 0 and
60 minutes and fluorescence was read as before (FITC 485 nm excitation, 530 nm
emission; RITC 595 nm excitation, 615 nm emission).
Histopathology

Colon tissue was harvested, swiss rolled, and fixed overnight in 10% formalin
followed by 70% ethanol. The tissue was then embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E) and was analyzed in a blinded fashion by a
board certified pathologist (P.C.L).
Statistical Analysis

All values are represented as mean +/- SEM. All data were tested for statistical
significance using unpaired Student’s T-test (two sample comparisons) and Analysis of

Variance (ANOVA) with Tukey post-hoc test (more than 2 sample comparisons). All
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analysis was done using Prism GraphPad software. A p-value of < 0.05 was considered

significant.

122



RESULTS
GRK2 Heterozygous Mice are protected from DSS-Induced Colitis

This study was designed to investigate the role of GRK2 in the onset and
progression of colitis. Other members of the GRK family have been implicated in playing
crucial roles in colitis [20] as well as various (B-arrestin proteins [21], which are closely
associated with the classical role of GRKs in desensitization. Given the influential roles
of these proteins and recent work from our lab demonstrating a critical role for GRK2 in
intestinal epithelial wound healing we hypothesized that GRK2 would play an important
regulatory role in the onset and progression of colitis. To ascertain the role of GRK2 in
basal conditions, we investigated intestinal permeability of both, the colon using an
Ussing chamber as well as the entire intestine through in vivo FITC-dextran leak from
Gl lumen to blood in wild type mice as well as GRK2 heterozygous mice (GRK2 het)
(Figure 3.1.A-B). For these initial experiments we focused on male mice. Our results
indicated modest decreases in in vivo permeability in the GRK2 het mice compared to
the wild types. Although this was not statistically significant (P=0.08), these results
pointed towards potentially tighter junctions and protection from diseases such as IBD
that rely in part on translocation and dissemination of luminal contents across the
epithelial barrier. To directly test the role for GRK2 in colitis we treated male GRK2 het
and wild-type mice with 4.25% DSS in their drinking water in order to induce colitis.
After DSS treatment, wild-type mice lost significantly more body weight beginning at day
4 and displayed more severe signs of disease as measured by Disease Activity Score
(Figure 3.2.A-B) (indicated by loose and bloody stools, hunched posture, crusty eyes,
ruffled hair, etc, see methods for complete description). Compared to the wild type,

GRK2 het mice were significantly protected from clinical signs of colitis.
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Figure 3.1. GRK2 mfluences permeability in mice under basal conditions

A) W|Id -type mice or GRK2"" mice were cohoused and untreated. At baseline levels
GRK2*" mice have lower permeability across the colon ex vivo as assessed by the rate
of FITC dextran transport measured by Ussing chamber. B) GRK2*" mice showed
decreased permeability across the length of the intestine in vivo as measured by the
administration of FITC dextran by oral gavage (300 mg/kg) and measured in the serum
after 4 hours. n =5 mice per genotype +/- SEM.
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Figure 3.2. GRK2*" mice are protected from acute DSS induced colitis in male and
female mice

WT and GRK2"" mice were administered either water or 4.25% DSS in their drinking
water ad libitum for 6 days to induce colitis, switched to water on day 7 and euthanized
on day 8. A) Percentage of body weight in male mice over the course of the experiment
expressed as % starting weight. B) Disease activity index in male mice observed over
the course of the experiment. C) Percentage of body weight in female mice. D) Disease
activity index measured in female mice over the course of the experiment. n= 6-7, +/-
SEM. * p <0.05, ** p <0.01, *** p <0.001, *** p < 0.0001.
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To determine if there are any sex differences in the role of GRK2 in colitis
pathogenesis, we administered DSS to female WT and GRK2 het mice. Interestingly,
and as noted in previous studies [22], female mice showed delayed onset of colitis in
WT mice and GRK2 het mice were protected from the clinical signs of colitis (Figure
3.2.C-D). These results suggest that while there may be differences in the kinetics of
colitis pathogenesis in males and females, with regard to the role of GRK2, it may be
sex-hormone independent. Because the phenotypic differences were striking in the
male mice, we focused our studies here on out in male mice.

Similar to the clinical signs, male WT mice following DSS displayed significantly
shortened colon (Figure 3.3.A-B), a morphometric measurement of the degree of
inflammation in these animals. This was significantly attenuated in GRK2 het mice
(longer colons compared to WT). Interestingly, the GRK2 heterozygous mice had
enlarged spleens at the time of harvest despite their overall protection (Figure 3.3.C).
Finally, despite the changes in DAI and gross morphology, the colon tissue itself did not
display any differences in histological damage between the WT and GRK2*" mice
(Figure 3.3.D). Together, these results suggest that GRK2 has a negative role in the
onset and progression of DSS induced colitis in mice.

Protection from DSS-Induced Colitis in GRK2*" Mice is Independent of Immune
Infiltration

Upon observing that the GRK2 heterozygous mice are protected from DSS
induced colitis we further examined levels of cellular infiltration into the colonic lamina
propria, mesenteric lymph nodes as well as the populations of innate and adaptive
leukocytes in the bone marrow. Interestingly, we observed no differences in the

numbers of macrophages, dendritic cells, and granulocytes as well as CD3+, CD4+ and
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Figure 3.3. Colon length, spleen weight and histology at harvest

WT mice have significantly shortened colons in comparison to GRK2*" mice. A)
Quantification of colon lengths at time of harvest and B) Representative images of
colons at time of harvest. C) Spleen weight taken at time of harvest. D) Histological
images of proximal colon and colitis score as determined by a board certified

pathologist. N=6-7, +/- SEM, * p < 0.05.
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Figure 3.3. (cont’d)
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CD8+ T cells in the GRK2 heterozygous mice compared to the wild-type mice in both
the colonic lamina propria (Figure 3.4.) and mesenteric lymph nodes (Figure 3.5.).
When analyzing the populations of the bone marrow in these animals, again there were
no differences seen in the lymphocyte population or in the macrophages, or dendritic
cell population. There was, however, a significant increase in the number of
granulocytes detected in the WT mice verses the GRK2"" mice (Figure 3.6.).
Reviewing the onset of colitis in these animals, we observed differences between
the two groups as early as day 4 of DSS treatment. Therefore, we hypothesized that
there were alterations in immune infiltration earlier in the time-course that may have
resolved by the time of harvest. To that end, we administered DSS to both WT and
GRK2*" mice for 4 days followed by euthanasia, in an attempt to identify the mechanism
responsible for the early differences observed over the time-course. As expected, WT
mice began to significantly lose more weight by day 4 than their GRK2*" counterparts
and their overall higher DAI score reflected this as well (Figure 3.7.A-B). Despite their
higher disease score and weight loss, at day 4 the WT and GRK2*"~ mice do not show
any difference in colon length or spleen weight at this time point (Figure 3.7.C-D).
Furthermore, once again there were no detectable differences in the number of innate
or adaptive leukocytes in the colonic lamina propria (Figure 3.8.), mesenteric lymph
node (Figure 3.9.) and the bone marrow (Figure 3.10.). Together these data suggest
that the protection from DSS induced colitis in GRK2"" mice is independent of immune
infiltration per se into the colonic lamina propria and the mesenteric lymph nodes and

likely independent of changes in bone marrow immune populations.
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Figure 3.4. DSS does not influence immune infiltration in the colonic lamina
propria at day 8

A) Cellular populations in the colonic lamina propria of WT and GRK2™ mice expressed
as fold WT H20. N= 6-7 per genotype. Data pooled from 2 independent experiments.
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Figure 3.5. DSS does not influence immune infiltration in the mesenteric lymph

node at day 8

A) Cellular populations in the mesenteric lymph nodes of WT and GRK2*" mice
expressed as fold WT H20. N= 6-7 per genotype. Data pooled from 2 independent

experiments.
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Figure 3.6. DSS increases granulocytes numbers in WT mice in the bone marrow
A) Cellular populations in the bone marrow of WT and GRK2"" mice expressed as fold
WT H20. N= 6-7 per genotype. Data pooled from 2 independent experiments. * p < 0.05
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Figure 3.7. GRK2*" mice are protected from acute DSS induced colitis at day 4
WT and GRK2"" mice were administered either water or 4.25% DSS in their drinking
water ad libitum for 4 days to induce colitis and euthanized on day 4. A) Percentage of
body weight in male mice over the course of the experiment expressed as % starting
weight. B) Disease activity index in mice observed over the course of the experiment.
C) Quantification of the colon lengths and D) spleen weight taken at time of harvest. N =
3-4, +/- SEM. ** p < 0.01, *** p < 0.001.
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Figure 3.8. DSS does not influence immune infiltration in the colonic lamina
propria at day 4

A) Cellular populations in the colonic lamina propria of WT and GRK2
as fold WT H20. N= 3-4 per genotype.
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Figure 3.9. DSS does not influence immune infiltration in the mesenteric lymph

node at day 4

A) Cellular populations in the mesenteric lymph nodes of WT and GRK2*" mice
expressed as fold WT H20. N= 3-4 per genotype.
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Figure 3.10. DSS does not influence immune infiltration in the bone marrow at day
4

A) Cellular populations in the bone marrow of WT and GRK2
WT H20. N= 3-4 per genotype.
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GRK2 Knockout in Myeloid Cells is able to protect against DSS-Induced Colitis

To begin to dissect the mechanisms by which GRK2 regulates DSS-induced
colitis, we resorted to using targeted GRK2 knockout mice. Even though there were no
major differences in immune cell infiltration, we reasoned that given the role of GRK2 in
inflammatory signaling pathways in immune cells, knocking out GRK2 in one of the
immune populations may shed light on the role of GRK2 in colitis. For this we examined
the effect of DSS in myeloid-specific GRK2 knockout. Previously our lab has
demonstrated that GRK2 levels in these animals are significantly reduced in the
macrophages and neutrophils but remains present at equivalent levels to wild type in
other organ tissues [12]. Upon administration of DSS to these animals, we observed
that the myeloid specific GRK2 knockout animals phenocopied the whole body GRK2
heterozygous mice in both weight loss (Figure 3.11.A) and DAI score (Figure 3.11.B)
when compared to wild-type animals. This protection from DSS induced colitis was
further substantiated by significantly longer colon in the myeloid knockout animals
compared to wild type mice; similar to previous experiments, spleens from myeloid KOs
were larger than their WT counterparts (Figure 3.11.C-D). Interestingly, the
histopathology of the myeloid animals showed a significantly improved colitis score and
protection from damage to colonic tissue, compared to the WT animals (Figure 3.12.A-
B).

We again measured immune infiltration into the colonic lamina propria,
mesenteric lymph nodes and populations in the bone marrow to see the effect that
GRK2 is having in this mouse model in response to DSS-induced colitis. Similar to
earlier studies, we saw minimal changes in these populations in the bone marrow

(Figure 3.13.) although there were slight increases in lamina propria CD8+
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Figure 3.11. GRK2"*™ mice are protected from acute DSS induced colitis

WT and GRK2"*™ mice were administered either water or 3.25% DSS in their drinking
water ad libitum for 7 days to induce colitis and euthanized on day 7. A) Percentage of
body weight in male mice over the course of the experiment expressed as % starting
weight. B) Disease activity index in mice observed over the course of the experiment.
C) Representative images of colons taken at time of harvest and quantification of the
colon lengths and D) spleen weight taken at time of harvest. n=7-12 Data pooled from 2
independent experiments. +/- SEM. * p < 0.05 ** p < 0.01, *** p < 0.001.

A)
110+
o
= 1001
a
2
904 = KOH20
# WT DSS
© KO DSS
80 ' t*'*t
0 1 2 3 4 5 6
Day
B)
WT H20
104
B KO H20
B WT DSS
7 [1KO DSS
a

138



Figure 3.11. (cont’d)
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Figure 3.12. WT mice display more severe histological damage than GRK2"*"

mice
A) Representative images of colon histology taken at time of harvest and B) disease
pathology score for WT and GRK2"* mice. Mice given water had scores of 0 and are

not included in graph. n=7-12 Data pooled from 2 independent experiments. +/- SEM. *
p <0.05
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Figure 3.13. DSS does not influence immune infiltration in the bone marrow in
GRK2Y*M mice

A) Cellular populations in the bone marrow of DSS treated WT and GRK2"*M mice
expressed as fold WT DSS. N= 7-12 per genotype, +/- SEM. Data pooled from 2
independent experiments.
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(Figure 3.14.) cells in the wild-type mice as well as T-cell alterations in the mesenteric
lymph nodes with decreased CD3+, CD4+ and dendritic cells in the WT and decreased
CD8+ in the GRK2 LysM mice (Figure 3.15.). Together, these data reveal that knockout
of GRK2 in myeloid cells is sufficient for protection against DSS-induced colitis.
Decreased Levels of GRK2 inhibit Mucosal and Splenic Inflammation in DSS-Induced
Colitis

GRK2 has been shown to be an important regulator of GPCR receptor
phosphorylation and desensitization but GRK2 also has a myriad of functions
independent of GPCRs and can regulate signaling for receptors and agonists in both a
kinase-dependent and —independent fashion [23]. Due to the fact that we see very little
changes in immune populations in the various tissue groups, we hypothesized that
GRK2 may be regulating other functional aspect of these cells. To test this, we
examined expression of various cytokines and chemokines in the colon from WT and
GRK2 het mice subjected to DSS-induced colitis. We found significant differences in the
expression of inflammatory mediators including components of innate cytokines,
chemokines, and T-cell effectors that were significantly lower in the GRK2 het
compared to the wild type mice (Table 3.1). In particular, we observed IL-6 to IL-10
ratio, granulocyte macrophage colony stimulating factor, IL-12p40 and MIP2 in the
GRK2 het mice were significantly lower compared to the WT mice. Wild-type mice also
had higher expression of T-cell cytokines including IL-17A as well as GATAS indicating
that there may be an increase in the Th17 and Th2 responses in these mice that might
be in response to increased disease effects in these mice. Due to the importance and
known roles for IL-6 and IL-10 [24—26] we examined the expression levels of these

cytokines in the GRK2"* mice and again saw a marked increase in the IL-6:IL-10 ratio

142



Figure 3.14. DSS does not influence immune infiltration in the colonic lamina
propria in GRK2"Y*M mice

A) Cellular populations in the colonic lamina propria of DSS treated WT and GRK2WM
mice expressed as fold WT DSS. N= 7-12 per genotype, +/- SEM. Data pooled from 2
independent experiments. * p < 0.05
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Figure 3.15. DSS does not influence immune infiltration in the mesenteric lymph
node in GRK2"*™ mice

A) Cellular populations in the mesenteric lymph node of DSS treated WT and GRK2*"
mice expressed as fold WT DSS. N= 7-12 per genotype, +/- SEM. Data pooled from 2
independent experiments. * p < 0.05, ** p < 0.01
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Table 3.1. Inflammatory Mediator Expression in Colon at Day 8

RNA was extracted from proximal colon segments of WT and GRK2*" mice after DSS
treatment, subjected to complementary DNA synthesis and q/RT PCR to quantify the
expression of genes using primers noted in Supplemental Table. Data are expressed as
% maximum expression. Genes statistically significant from WT are marked in bold.

WT GRK2""
Innate Cytokines
IL-6/IL10 53.9+7.90 2914 £7.94
TNF-a 52.80 £ 10.17 58.28 + 16.48
Granulocyte macrophage- 71.79 *9.53 42.57 + 14.53
colony stimulating factor
IL-12p40 56.74 + 15.16 24.4+6.51
Chemokines
IP-10 46.84 £ 12.54 54.06 + 16.61
CXCL9 45.6 £ 14.02 45.1 £ 14.23
CXCL11 44.89 £ 9.84 67.26 + 15.61
CCL20 75.25 + 32.07 49.55 £ 3.78
CX3CL1 42.24 £ 4.92 37.85+6.3
KC 57.52 + 14.18 35.33+12.13
MIP2 59.28 +14.4 31.32+6.34
T-cell cytokines/differentiation markers
IFN-y 40.11 £17.51 43.07 £ 15.83
IL-17A 62.53 + 13.53 2548 +7.79
IL-22 50.04 + 13.85 50.72 £ 16.76
RORyT 53.59 + 10.64 39.35+6.93
GATA3 72.09 + 13.27 35.43+6.3
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in the colon tissue of WT mice compared to the KO (data not shown). Together these
data suggests that GRK2 is important in regulating inflammatory gene expression in the
colon and this regulation is independent of total immune infiltration into this tissue and

may influence the onset and progression of colitis.
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DISCUSSION

In this study, we demonstrate that mice lacking GRK2 (one allele) displayed
lower colonic inflammation following the disruption of the intestinal barrier by DSS and
were protected from colitis pathogenesis. Further, this protection was seen despite no
gross changes in immune infiltration in the early time points (4 day) or later time points
of DSS induced colitis. These results suggest that the likely effect of GRK2 in colitis is
independent of immune infiltration into the colon. However, it is possible that the time
points we examined are insufficient to make this conclusion. Attempting to look at
specific cell groups to ascertain mechanism for this protection we investigated the
myeloid population and again saw that GRK2 KO protected against DSS induced colitis.
This was again in the absence of gross changes in immune infiltration. These data
together clearly demonstrates that GRK2 is detrimental to the onset and progression of
colitis and its role in the myeloid population is a key component in the colitogenic
potential of this kinase.

Immune infiltration is one of the hallmarks of colitis and the hyper-activation and
prolonged duration of immune activation is one of the primary causes of damage to the
intestinal lining [27-29]. With the role that GRKs play in receptor desensitization and the
influence they can have on immune chemotaxis this is a common place to begin when
identifying the role of a GRK in IBD. Indeed, other GRKs and (3-arrestins have been
implicated in colitis through regulation of chemotaxis. Our lab has shown that 3-
arrestin2 is protective in DSS-induced colitis through its regulation in the infiltration and
activation status of CD4+ T-cells into the colonic lamina propria [21]. Other work on
GRK6 shows a similar result in that GRKG6 expression is protective against DSS-induced

colitis through regulation of CD4+ T-cell and granulocyte infiltration accompanied by
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increases in inflammatory mediators [20]. However, as the role for these proteins
continue to expand and the number of non-receptor substrates increase it is becoming
more and more clear that these proteins can influence the pathogenesis of diseases
independently of their effect on immune infiltration. In fact, -arrestin1 (another protein
involved in desensitization of GPCRs) has been shown to be protective in DSS and
TNBS induced colitis [30] and it is its role in the non-hematopoietic cells that confers the
protection from colitis [31] as well as sepsis [32]. Additionally, GRKS has been shown in
our lab to regulate inflammation and the pathogenesis of polymicrobial sepsis
independently of cellular infiltration in mice [33] and we have recently shown a role for
GRK?2 in the intestinal epithelial cells which can modulate the TNFa driven inflammatory
response and wound healing in those cells aiding in the restoration of the epithelial
barrier in vivo [10].

While we didn't see alterations in immune infiltration while investigating the role
of GRK2 in this system, we did observe significant fluctuations in key cytokines known
to be associated with the onset and severity of colitis including IL-6 [24—26], IL12p40
and MIP2. IL-6 in particular has been shown in IBD to be dependent on macrophage
and epithelial cells [34] supporting the results seen in our experiments. Interestingly,
several genes differentially regulated in the GRK2 hets compared to the wild-type mice
are associated with T-cell differentiation. One of the genes that was significantly
increased in the wild-type mice (compared to GRK2 het mice) was GATA3. Expression
of GATAS is known as a Th2 lineage commitment transcription factor [35] and recent
work has shown that increased levels of GATA3 can accelerate acute DSS-induced
colitis [36]. Another T-cell cytokine significantly increased in the wild-type animals

(compared to het) was IL17A. Produced by a unique subset of memory T cells, IL-17
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has a broad impact on the immune system and has been shown to stimulate fibroblasts,
endothelial cells, macrophages and epithelial cells stimulating the secretion of pro-
inflammatory mediators including IL-1, IL-6, TNFa, MMPs and many others [37]. Recent
work on IL-17 has shown that this cytokine can be both pathogenic or protective
depending on the source of the cytokine. IL-23 stimulated production of IL-17A results in
T-helper cells producing the cytokine and causing influx and activation of immune cells
but new work has shown that IL-23 independent release of IL-17 from the yd T-cells is
critical in maintaining and protecting the epithelial barrier [18]. The source of IL17 and
whether it is contributing to the increased inflammation and damage or trying to restore
the epithelial barrier in our mice remains unknown at this time. While our study
investigated the CD3+, CD4+ and CD8+ T-cells the specific lineages and differentiated
cell types was not investigated in this study and the production of inflammatory
cytokines seen in the non-hematopoietic and myeloid population driving this
differentiation may in part be responsible for the outcomes observed.

In our studies, we observe that knockout of GRK2 in the myeloid population was
sufficient to confer the protection from acute DSS-induced colitis in our animal model.
Work done in our lab and others have begun to elucidate GRK2’s role in the regulation
of this population of macrophages, neutrophils and other myeloid cells. Although GRK2
has been implicated in other inflammatory systems it has never been investigated in the
context of colitis. Work done in models such as hyperalgesia demonstrate that the effect
of GRK2 is through alterations in myeloid IL-10 production [38]. Other models including
sepsis [39] and endotoxemia [12] have shown that knocking down GRK2 in the myeloid
cells generally exacerbates inflammation potentially via negative regulation of NFkB

leading to increases in IL6:1L10 ratios at least early on in the onset of inflammation. This
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is in contrast to the gene expression seen in the current colitis model where the IL6:1L10
ratio was significantly decreased in the KO mice compared to the wild type mice. These
contrasting results with previous studies highlight a diverse role of GRK2 in different
models of inflammation and demonstrate that the response seen in these mice may be
differentially regulated depending on the disease context and tissue microenvironment.
Understanding how proteins respond in different disease models is important for
the development and implementation of novel therapeutic options. IBD is a complex
disease where the etiology and specific causation largely remains unknown but, as
shown in this paper and others, it results from an imbalance in pro-inflammatory
mediators and dysregulated recruitment of leukocytes to the sites of inflammation [5].
IBD has conventionally been treated with nonspecific immune suppression and more
recently targeted therapies against specific inflammatory cytokines or pathways such as
TNFa. However, because of the diversity of this disease a large number of patients
often do not respond to certain types of therapies or they eventually develop tolerance
to treatments due to the chronic administration of these therapies [40]. Therefore,
identifying new therapies is of great importance to the treatment of this disease and as a
way to overcome the limitations to the currently approved treatments. GRK2 offers a
new targetable option for the management of IBD and production of inhibitors of this
kinase is currently being pursued in part for the role of GRK2 in heart failure. One
promising inhibitor is the SSRI paroxetine (Paxil) which is already approved by the Food
and Drug Administration and been shown to have potent inhibition of GRK2 both in vitro
and in vivo [41]. In addition to paroxetine, there are a considerable number of GRK2

inhibitors currently in development that may prove to be an even more effective inhibitor
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of GRK2 (reviewed in [42]) indicating a realistic possibility that therapeutics could target
pathways regulated by GRK2 therefore influencing its effect in IBD in the future.

In summary, this study demonstrates an important negative role for GRK2 in
regulating mucosal inflammation under colitic conditions. This result is determined likely
not due to dysregulation in immune infiltration but rather through alterations in
inflammatory mediator production, possibly in the myeloid population. Further work
would determine the mechanism that GRK2 influences these responses and provide
insight into the specific cells involved in the onset and pathogenesis of DSS-induced

colitis.
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CHAPTER 4: SUMMARY AND CONCLUSIONS
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SPECIFIC AIMS AND RESULTS OF THE STUDY
The overall aim of this study was to investigate and identify the role for GRK2 in
intestinal mucosal inflammation, using both in vitro and in vivo models. It was
hypothesized that GRK2 would influence both receptor and non-receptor substrates and
critically regulate the inflammatory response towards colonic insults. Therefore, this
study would elucidate a molecular mechanism behind intestinal inflammation in both a
cell specific and disease model generating targetable proteins for novel therapeutic
options. A summary of the research objectives and the obtained results are shown
below:
Objective 1 and Results
To characterize the role of GRK2 in vitro in human colon epithelial cells and to
determine its regulatory capabilities on TNFa induced inflammation and cellular wound
healing. Results from this objective include:
1. GRK2 suppresses TNFa induced epithelial wound closure.
2. GRK2 differentially modulates TNFa signaling through IkBa and ERK1/2 in
SW480 cells.
3. GRK2 alters TNFa induced expression of inflammatory and matrix remodeling
genes.
4. Specific genes modulated by GRK2 are regulated via the ERK pathway.
5. GRK2 localizes in the mitochondria and inhibits ROS production.
6. The increase in ROS production in the GRK2 knockdown cells is responsible for
the observed alterations in ERK1/2 signaling.
7. GRK2 heterozygous mice are protected in an in vivo intestinal wound-healing

model.
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Objective 2 and Results
To identify the role of GRK2 in DSS-induced colitis and determine the
mechanism behind influence of GRK2 in the resultant pathophysiology. Results from
this objective include:
1. GRK2 heterozygous mice are protected from acute DSS-induced colitis.
2. Protection from DSS-induced colitis is independent of immune infiltration.
3. GRK2 knockout in the myeloid cell population protects against DSS-induced
colitis.
4. Decreased levels of GRK2 attenuate intestinal inflammation in DSS possibly

through similar mechanisms in the myeloid and GRK2 heterozygous models.
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LIMITATIONS OF THE STUDY
Although many positives can be taken from this study, there are some limitations
that must be considered:

1. In vitro work was done using a colon carcinoma cell line that has been
immortalized for scientific research. These cells do not fully characterize and/or
represent human intestinal epithelial cells.

2. While an advantage of using mass spectrometry allows for an unbiased search
for GRK2 binding partners in the SW480 cells, it is possible that we are simply
seeing the most highly expressed proteins that can interact with GRK2 and not
all possible outcomes. Additionally, this experiment was done in unstimulated
cells; it is possible that TNFa treatment can change the cohort of proteins
capable of interacting with GRK2.

3. The in vivo components of this study are limited by the availability of only GRK2
heterozygous mice (GRK2 homozygous mice are lethal). While we still see
phenotypic effects with the removal of one allele it is possible that aspects of
GRK2Zs role in these cells are hidden by the incomplete ablation of this protein.
To overcome this, work was done using myeloid specific knockout mice but this
may be ignoring critical components of the epithelial regulation as seen in

Objective 1.
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STUDY OUTCOME

This dissertation investigated the role that GRK2 plays in the intestinal epithelium
in response to inflammation. Two individual studies were designed and carried out to
answer these questions: 1) investigating the response of intestinal epithelial cells to
TNFa and how GRK2 can influence the cellular response and 2) identifying in a larger
context how GRK2 influences the intestinal disease, colitis.

Although further studies are needed to fully understand the role for GRK2 in this
tissue as well as the complete molecular mechanism of action in all of the cell types
involved in colitis; we have shown that GRK2 plays a vital role in regulating intestinal
inflammation and influencing the outcome of DSS induced colitis.

Early studies were targeted at the role for GRK2 in TNFa signaling in human
colonic epithelial cells (SW480). TNFa is a pleiotropic signaling molecule but has been
shown to significantly regulate wound healing in intestinal epithelial cells [1]. Knocking
down GRK2 in these cells we observed that wound healing was significantly increased
upon the addition of TNFa. Importantly, this increase in wound healing was independent
of changes in proliferation and apoptosis in these cells. Further analysis into the
mechanism behind these changes in wound healing revealed that knockdown of GRK2
altered the phosphorylation of map-kinase (MAPK) signaling in these cells, specifically
ERK1/2, and ERK1/2 driven gene expression of MMP9. This is important because
MMP9 has been demonstrated in other epithelial models to be critical in the onset and
activation of epithelial migration and wound repair [2] and was equally necessary for the
increased wound healing response in our studies. Migration through a matrigel layer

(degradable by MMP9) was increased in the knockdown cells towards a serum stimulus
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indicating that not only was there more MMP9 gene expression but also there was more
active MMP9 in those cells which resulted in increased wound healing.

The mechanism behind this increase in ERK1/2 signaling and wound healing
developed from experimental results indicating the presence of GRK2 in the
mitochondria of these cells as well as mass spectrometry analysis indicating that GRK2
interacted with several mitochondrial proteins. The presence of GRK2 in the
mitochondria altered ROS production, which has been shown to activate mitogen-
associated signal transduction pathways including ERK1/2 [3,4]. Indeed,
pharmacological inhibition of ROS in the knockdown cells resulted in the increased
activation of ERK1/2 returning to control levels and this inhibition was also able to ablate
the increase in wound healing seen after TNFa stimulation. This not only highlights the
importance of GRK2 on TNFa signaling and epithelial wound healing but also elucidates
the mechanism behind this protection in these cells. In addition to the in vitro studies,
decreased levels of GRK2 in mice (heterozygous for GRK2) displayed increased wound
healing in vivo, indicating that the results seen in our cell culture model may be
translatable to whole body systems.

Further expanding on the data indicating the knock down of GRK2 improves
TNFa driven epithelial wound healing in vitro and in an in vivo wound healing model, we
examined the role of GRK2 in acute DSS induced colitis. Common characteristics of
DSS induced colitis is gross epithelial damage and high levels of TNFa [5,6]
establishing a strong correlation between our in vitro studies and our in vivo
experiments. Indeed, in mice heterozygous for GRK2 we observed decreased weight
loss and disease activity after an acute insult of colitis. It's important to note that in vivo

intestinal inflammation involves several different cell types even though the injury is
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initiated by DSS at the level of the intestinal epithelial cells and GRK2 is highly
expressed in many different cell types including immune cells. Analyzing the levels of
immune infiltration in the colonic lamina propria, mesenteric lymph nodes and bone
marrow we were unable to detect any significant differences between the wild type and
GRK heterozygous animals. Interestingly, myeloid specific GRK2 knockout animals also
conveyed protection against DSS induced colitis indicating that it is most likely a
combination of functional changes in the epithelium and myeloid cells in the colon
providing protection rather than changes in immune infiltration. These functional
changes present themselves in altered inflammatory cytokine and chemokine gene
expression from the colon tissue and altered levels of IL-10 protein in the colon and
spleen.

Therefore the data presented here suggest that GRK2 alters the response of
intestinal epithelial cells to TNFa through regulation of the TNFa/ROS/ERK/MMP9
pathway ending in changes in wound healing in intestinal epithelial cells. The changes
in the intestinal epithelium, in combination with functional changes in the myeloid cells,
alter the progression of DSS induced colitis. This suggests that inhibiting GRK2 through
pharmaceutical inhibitors may be promising avenues for novel therapeutics in the

treatment of colitis.
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FUTURE DIRECTIONS

Future experiments will be needed to further characterize the role of GRK2 in
both the epithelial cells as well as in the in vivo colitis model. In particular, our studies
show that GRK2 is able to localize to the mitochondria both basally and under
inflammatory conditions and likely influences the metabolism of these cells, specifically
in ROS generation. Our immuno-precipitation and mass spectrometry identification of
binding partners of GRK2 in the SW480 cells identified several mitochondrial proteins
that may be responsible for these alterations in ROS generation. However, it remains
unclear whether or not GRK2 is directly interacting with these proteins or interacts
through a mediator as well as how exactly this interaction influences mitochondrial
functionality. Therefore, future studies will need to elucidate the exact mechanism of
interaction between these proteins including whether this is driven via GRK2 kinase
activity, GRK2s phosphorylation status or through direct interaction with GRK2 and
these proteins. Mutagenesis studies can begin to elucidate this interaction. Moreover,
the mechanism in which GRK2 alters the activity of this protein and the overall role for
GRK2 in epithelial mitochondria have not been yet been studied. In other cell types,
GRK2 has been shown to alter mitochondrial biogenesis [7] but future studies will need
to analyze specific elements of mitochondrial function including biogenesis, ATP
production, ROS production, electron transport and how GRK2 regulates these
processes in epithelial cells.

The role that GRK2 plays in the intestinal epithelium involving the regulation of
acute colitis remains to be fully understood. Even though GRK2 is protective in the
heterozygous model, the role of GRK2 in the intestinal epithelium in this disease is

complicated by the whole body heterogeneity of the animal model. To more strongly
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correlate the in vitro and in vivo results an animal model with GRK2 knocked specifically
out of the intestinal epithelium is necessary. Therefore, the DSS colitis experiments
need to be expanded into floxed GRK2""""“"® animals knocking out GRK2 from only the
epithelial cells expressing villi in the small and large intestine [8]. This will more strongly
demonstrate the role of GRK2 in the intestinal epithelium and its influence on wound
healing and the outcome of colitis.

The inflammatory response to DSS induced colitis involves a large variety of cells
including innate and adaptive immune cells as well as epithelial cells. Our work has
begun to get at the mechanistic role of GRK2 in simply one of the cell types. Our lab
and others in the field continually investigate the role of GRKZ2 in multiple cell and tissue
types (see Chapter 1) but the stimuli and environment of colitis are not always
represented. This work can continue in not only in the epithelial cells but also expand
into the immune populations investigating the mechanisms of GRK2 regulation in
response to TNFa, microbial dissemination, other inflammatory stimuli, etc that are
associated with colitis and epithelial damage.

Finally, GRK2 inhibitors are currently being developed by others in the GRK field
[9] and testing these inhibitors in IBD model would move this work closer to translational

work and potentially provide an avenue for targeting GRK2 in human IBD.
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