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Abstract

Transglutaminase 2 ( TG2) is a multifunctional enzyme possessing transamidating,
GTPase and protein disulphide isomerase activity. Due to its diverse nature and
ubiquitous distribution TG2 is implicated in the regulation of many physiological
processes , include ing cell adhesion, migration, growth , differen tiation, survival and
apoptosis. Recently, TG2 has been shown to be modulated by PKC and PKA and to
play a role in cardioprotection. However, the precise mechanism(s) of its modulation

by G -protein coupled receptors coupled to PKC and PKA activation are no t fully
understood. The present study investigated the molecular mechanisms underlying

TG2 modulation by GPCRs (A ; adenosine receptor (A R)and a,-adr enoc e p-AR)r
and its role in cardioprotection. Transglutaminase transamidation activity was
determi ned using amine -incorporating ( in vitro and in situ ) and protein cross -linking
assays. TG2 phosphorylation was assessed via immunoprecipitation and Western

blotting. The role of TG2 in  A;R- or a,-AR-induced cytoprotection was investigated by
monitoring  hypoxia - and hypoxia/reoxygenation  -induced cell death. Novel TG2
substrates/interacting proteins were identified using SWATH MS.

Stimulation of the A ;R (with the selective agonist CPA and endogenous agonist
adenosine) and a,-AR (with the selective agonist formoterol and non  -selective agonist
isoprenaline) resulted in activation of TG2 in a time - and concentration -dependent
manner, which was attenuated by the TG2 inhibitors Z -DON and R283. Responses to
CPA and adenosine were blocked by pharmacological inhibi tion of PKC (Ro 31 -8220),
MEK1/2 (PD 98059), p38 MAPK (SB 203580) and JNK1/2 (SP 600125) and by removal

of extracellular Ca 2

*. CPA triggered robust increases in the levels of TG2 -associated
phosphoserine and phosphothreonine, which were attenuated by PKC, MEK1/2 and
JNK1/2 inhibitors.  Responses to formoterol, whilst insensitive to pertussis toxin (PTX;
Gi-protein inactivator), were abolished by PKA ( Rp-cAMPs), MEK1/2, and Pl -3Kg (AS
605240) inhibitors. Responses to isoprenaline were blocked by PTX and inhib itors of
MEK1/2 and PI -3Kg Formoterol triggered robust increases in the levels of TG2 -
associated phosphoserine and phosphothreonine, which were attenuated by PKA,

MEK1/2 PI-3Kginhibitors and by removal of extracellular Ca a

Furthermore, t he A;R- or a,-AR-mediated TG2 activation (with the exception of
formoterol -induced TG2 activation) was protective against hypoxia - and
hypoxia/reoxygenation  -induced cell death. Finally, identification of novel TG2
substrates/interacting proteins using SWATH MS illustra ted differential modulation of
substrates by TG2 upon stimulation of t he A;R- or a,-AR which may contribute to
differences in their cellular/physiological responses. The present study provides the

first detailed characterisation of the molecular mechanisms underlying the modulation

of TG2 by t he A;R- or a,-AR and describes a role for TG2 in cardiopro tection , along
with identifying novel substrates/interacting proteins which may be involved in

mediating this protection.
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CHAPTER I: Introduction

1.1 Cardiovascular diseases.
Currently , cardiovascular disease is  the leading cause of death in the world with 175
million deaths in 2012 worldwide ( WHO statistics database ;

http://www.who.int/mediacentre/factsheets/fs317/en/ ). Of those deaths, 7.4 million

were due to ischaemic heart disease  (WHO statistics database). In 2015, over 70,000
deaths in the UK were due to ischaemic heart disease (BHF statistics database ;

https://www.bhf.org.uk/research/heart - statistics ) and it is predicted if not controlled,

it will rise by 2 5% in 2025 (Gaziano et al, 2010 ). Ischaemic heart disease occ urs when
the coronary artery is blocked, usually by an atherosclerotic plaque . This blockage
reduces the blood flow to myocardial tissue resulting in angina pectoris (chest pain
and discomfort) and myocardial infarction (heart attack) . There are several ri sk factors
that play a role in development of this atherosclerotic plaque such as age, diet,
obesity, high blood pressure, high levels of cholesterol, smoking and other lifestyle

choices (Nichols et al, 2014) . Even though there is plenty of research regard ing
ischaemic heart diseases and their underlying mechanisms, there are not many
pharmacological agents that have made it successfully into clinical trials. Therefore, it
is of utmost necessity to comprehend the pathophysiology of ischaemic heart disease

in order to develop novel therapeutic strategies and identify potential targets  which
could be manipulated by the use of pharmacological agents to be used in clinical

studies and scenarios .

1.2 Isc haemia/reperfusion injury.
Ischaemia is a pathological condition suffered by tissues and organs which are
deprived of nutrients and oxygen due to inadequate blood supply. This imbalance in

oxygen demand and supply results in changes in metabolic and cellular responses of

the cells. Myocardial cells when exposed to ischaemia can show either myocardial
stunning and/or myocardial hibernation. Myocardial stunning is described as delayed
return of the contractile function of the heart following ischaemia although complete

restoration of t he blood flow is achieved (Depre and Taegtmeyer, 2000). Myocardial
hibernation is described as recurring stunning as a result of a chronic ischaemic insult
(Kim et al, 2003).

Under normal physiological conditions, cardiac cells generate ATP from metabolite s
and oxidative phosphorylation (aerobic respiration) in order to meet the oxygen supply
and demand . The heart changes this chemical energy into mechanical energy
(Carvajal and Moreno -Sanchez, 2003; Solaini and Harris , 2005) . During ischaemia,
mitochondria | respiration is switched from aerobic to anaerobic in order to match the

oxygen demand and supply. This leads to inhibition of phosphofructokinase,
accumulation of hydrogen ions and lactate as well as accumulation of sodium ions via

inhibition of the sodi um/potassium pump (Na “/K'-ATPase) and activation of

sodium/hydrogen exchanger (NHE). Inhibition of phosphofructokinase leads to
1
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reduction in sensitivity of Troponin C to calcium resulting in asystole ( Di Lisa et al,
1998 ). Inhibition of the Na  */K*-ATPase increases efflux of potassium ions and influx of
sodium and chloride ions as well as water into the cardiac cells , which leads to cell
swelling. High intracellular sodium ion concentration activates the sodium/calcium

+ 2+

exchanger (Na "/Ca“ exchanger), thereb vy increasing intracellular levels of calcium.
Normal calcium concentration cannot be restored by the Sarcoplasmic/Endoplasmic
Reticulum Calcium ATPase (SERCA) due to reduction in ATP levels. This high calcium
concentration activates calcium dependent prote ases such as calpain which results in
cytoskeletal damage and membrane rupture leading to ischaemic cell death (Schaper

and Kostin, 2005; for an overview refer to fig ure 1.1). Ischaemic cell death (apoptosis
during ischaemia) is characterised by swelling of the cells, increase in membrane
permeability, non -specific DNA degradation , nuclear chromatin condensation and
blebbin g (Majno and Joris, 1995 ; Buja, 2005 ). Apoptosis or programmed cell death is
characterised by cell shrinkage, nuclear condensation, fra gmentation of DNA and
formation of apoptotic bodies , which are phagocytosed without evoking an
inflammatory response (Majno and Joris, 1995; Edinger and Thompson, 2004). Cells
can be rescued from ischaemic cell death, however if not rescued, necrosis sets in.
Necrosis is characterised by further degradation of cytoplasmic membrane and
constituents as well as changes in the nucleus and as such represents irreversible cell

death (for review see Trump and Berezesky, 1996 ; Adameova et al, 2016 ).

Myocardial
Ischaemia

Anaerobic respiration Reduction in ATP Intracellular acidosis
(rapid fall of intracellular pH) (accumulation of H™ and lactate)

l Ca?* uptake
Phosphofiuctokinase inactivation by SERCA

|

Reduced Ca?*sensitivityof ~ Ca’" accumulation

Troponin C \ Na*/K*-ATPase

Na*/Ca”*
Rapid bulging (Asystole) exchanger ~—

NHE

. .
Ca*" dependent protease Na©accumulation

activation (calpain)

|

Cytoskeletal damage =~ g, rcolemma rupture

Fig 1.1 : Proposed series of events leading from myocardial ischaemia to cell death.
Anaerobic respiration along with reduced formation of ATP and intracellular acidosis
causes sarcolemma to rupture and lead to cell death.

2



Reperfusion is the restoration of blo  od flow following an ischemic insult for more than

10 min. It was initially thought that reperfusion can rescue the damage caused by
ischaemia to cells and tissues; however, it is now known that it leads to further
complications such as arrhythmia, stunnin g, decrease in contractility and more
pronounced necrosis (Moens et al, 2005). Neutrophils accumulate surrounding the
damaged cells and tissues during ischaemia (Hansen, 1995). Upon reoxygenation,
neutrophils generate more reactive oxygen species (ROS), pr oteases and cause
activation of inflammatory cascades (Jordan et al, 1999). Apart from neutrophil
activation, restoration of oxygen causes mitochondrial respiration to switch back to

aerobic from anaerobic resulting in additional production of ROS (Korge et al, 2008).
ROS generation can cause further damage by attacking lipids, proteins and nucleic

acid components of the cell as well as d ysregulating ion transport, fluidity, protein
synthesis and enzyme activity within the cell (B ecker, 2004 ). ROS generation causes
activation (opening) of mitochondrial permeability transition pore (mPTP) thereby
setting off either apoptosis via release of cytochrome c and activation of caspase
cascade or necrosis via ATP hydrolysis and dysregulatio n of intracellular calcium
concentration (  Lopez-Neblina and Toledo -Pereyra , 2006 ). This Ca?" overload leads to
activation of calcium -dependent proteases such as calpains. These proteases degrade
intracellular proteins and cause cytoskeletal damage leading to cell death (Piper et al,
2006). Also during reperfusion, Nuclear factor kappa B ( NF-eB) activates various cell
adhesion molecules and adheres leukocytes to the endothelium of the myocardium

(Baldwin, 2001). This leads to vasoconstriction and microvascu lar dysfunction
reducing per fusi on resuftow@ phemmmenon whi ch

myocardial infarction (Moens et al, 2005; for an overview refer to figure 1.2 ).
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Reoxygenation
(Reperfusion)

Aerobic respiration Rapid increase in ATP Neutrophil activation
(prompt recovery of intracellular pH)
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inflammatory cascades l
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mPTP 4/overload and oscilations Signal transduction ~ No-flow
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Collapse of mitochondrial Apoptosis and
membrane potential Ca’" dependent protease Cytokine release

activation (calpain)

v
Sarcolemma rupture l

™~ Cytoskeletal damage
Cell death

Fig 1.2 : Proposed series of events leading from myocardial ischaemia/reperfusion

injury to cell death. Switch from anaerobic respiration to aerobic respiration along with

rapid formation of ATP and neutrophil activation causes a series of events that lead to
cell death.

Both ischaemi a and ischaemia/reperfusion are known to induce a combination
apoptosis and necrosis. Apoptosis is the preferred pathway until ATP levels are too low

to sustain this energy -dependent pathway and then necrosis sets in (Tatsumi et al,

2003; Otani et al, 2006) . This greatly depends on the conditions used to simulate
ischaemia or ischaemia/reperfusion and mode | type used in the study. For instance, in

neonatal and adult rat cardiomyocytes, ischaemia is known to induce apoptosis

(Tanaka et al, 1994; de Moissac et al, 2000). However, in Langendorff -perfused
mouse heart, apoptosis was only observed when ischaemia was accompanied with
reperfusion , hence necrosis dominates (Webster et al, 1999). Also the apoptotic

pathway stimulated depends on the conditions used to simulate ischaemia or
ischaemia/reperfusion. For example, in Jur kat cells, a caspase -3 dependent apopt otic
cascade was activated when ischaemia was simulated in glucose -free medium
(Malhotra et al, 2001 ). Similar observations have also been reported in H9c2
cardiomyoblasts (Ekhterae et al, 1999 ). However, in Jur kat cells, simulating ischaemia

in glucose -containing medium (3 mM glucose) activated a caspase -3 independent
apoptotic cascade (Malhotra et al, 2001). Having said t his, overall, there is strong
evidence that apoptosis is induced in cardiomyocytes during is chaemia (Itoh et al,
1995; Long et al, 1997; Saraste et al, 1997) or ischaemia/reperfusion injury ( Gottlieb
et al, 1994, Fliss and Gattinger, 1996; Aikawa et al, 1997, Xia et al, 2016 ).
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1.3 Ischaemic pre - and post -conditioning

The pilot study carried out by Murry and colleagues reported that brief periods of
discontinuous ischaemia and reperfusion prior to subsequent prolonged lethal
ischaemia was able to protect against ischaemia/reperfusion damage in a canine
model (Murry et a 1, 1986). This is called ischaem ic preconditioning or classical/ early
phase preconditioning. There are many clinical limitations to ischaemic preconditioning

as it is quite difficult to predict the timing of a myocardial infarction. However, this

phenomeno n is very useful in cases of cardiac bypass surgery as well as coronary
artery bypass graft surgery, where ischaemic events are predicted ( Wu et al, 2002;
Yellon et al, 2005).  This preconditioning offers transient benefits for 1 -2 hours against
ischaemic i nsult. Various survival kinases such as PKA, PKB, PKC and ERK1/2 are
involved in mediating protection via this mechanism (for reviews see Sanada and

Kitakaze, 2004; Bolli, 2007).

Zhao and colleagues were the first to describe the term ischaemic postconditi oning
(Zhao et al, 2003) . It is describe d as brief periods of ischaemia and reperfusion
following an ischaemic insult but prior to reperfusion (Zhao et al, 2003). It is shown to
have similar protective effects as pre -conditioning (Hausenloy et al, 2006), h owever,
post -conditioning is more clinically relevant as reperfusion following myocardial

infarction can be predicted. Figure 1.3 represents a basic outline of ischaemic pre - and
post - conditioning.

_ _ Ischaemia/Reperfusion (I/R) injury:
Ischaemia/Reperfusion = Myocardial stunning
= Myocardial hibernation
= Contractile dysfunction
= Arrhythmias
= Myocardial infarction

Hypoxia

Cardioprotection by preconditioning

Hypoxia
\ Cardioprotection:
H—) = Improved recovery of function

<2 h = early phase = Reduced arrhythmias
24-72 h = late phase = Reduced infarct size
Cardioprotection by postconditioning
Hypoxia
Fig 1.3 : Graphical representation of ischaemia/reperfusion injury and pre - Ipost -

conditioning. Areas in grey indicate ischaemia and white represent normal perfusion.
Figure adapted from Ferdinandy et al, 2007.

(i) Signalling pathways involved in ischa emic pre - and post -conditioning.
Both ischaemic pre - and post-conditioning are known to activate several survival
kinases such as ERK1/2, PKC, PKA, PKB and p38 MAPK , which have well documented

roles (Hausenloy and Yellon, 2006). During an ischaemic insult, autacoid triggers such
5



as adenosine (Headrick, 1996 ; Pac -soo et al, 2015 ), catecholamines (Schomig, 1990 ;
Pac-soo et al, 2015 ) and many others are released from the myocar dial tissue. These
triggers stimulate specific GPCRs which activate signal transduction cascades (for
reviews see Halestrap and Richardson, 2015; Altamirano et al, 2015 ; Pac-soo et al,
2015; Biceetal, 2016 ).

The Reperfusion Injury Salvage Kinase (RISK) p athway plays a key role in mediating
protection. The important targets of the RISK pathway are ERK1/2 and PKB
(Hausenloy and Yellon, 2006). ERK1/2 phosphorylation is significantly increased
following pre - and p ost-conditioning in  Langendorff -perfused rat heart (Hausenloy et

al, 2005) as well as rat (Fryer et al, 2001) and pig hearts in vivo (Schwartz and
Lagranha, 2006). In order to activate the ERK1/2 pathway, GTP -bound R as recruits
and phosphorylates Raf at the cell membrane. Phosphorylated Raf then
phosphorylates MAPK/ERK Kinase 1 and 2 (MEK1 and MEK2). Phosphorylated MEK1/2

then phosphorylates ERK1/2. Once ERK1/2 is phosphorylated, it can then activate
downstream effectors such as p90 ribosomal S6 kinase (p9ORSK; Herrera and Sebolt -
leopold, 2002 ). Figure 1.4 summarises the ERK1/2 pathway. POORSK inactivates BAD
and inhibits BAD -mediated cytochrome -c release and caspase activation (Downward,
1999). The A; adenosine receptor activation ¢ auses phosphorylation of ERK1/2 and its
role in protecting neonatal rat cardiomyocytes via pre - conditioning is well documented
(Germack and Dickenson, 2005).

Agonist
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- = = = =25 Ras P)

| Raf p)  MAPKKK
(MEK1/2 })  maPKK
[ ERK1/2 E)' MAPK

v

Downstream effectors

Fig 1.4: The steps leading to activation of ERK1/2. For detalil ed description, see main
body of text.
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Phosphorylation of PKB is significantly increased following pre - and p ost-conditioning
in Langendorff -perfused rat and rabbit hearts (Hausenloy et al, 2005; Solenkova et al,

200 6) as well as pig hearts in vivo (Schwartz and Lagranha, 2006). The PKB pathway
is activated via phosphorylation of PIP > to PIP 3 by PI -3K. PIP 3 recruits phosphoinositide
dependent protein kinase (  PDK) to the cell membrane where PKB is phosphorylated at
Thr3® by PDK 1 while Ser *"* can be phosphorylated by a number of kinases such as

PDK2 (Vanhaesebroeck and Alessi, 2000) , integrin -linked kinase (ILK ; Osaki et al,
2004 ), mechanistic target of rapamycin complex (MTORC ; Sarbassov et al, 2005 ) and
DNA-dependent protein kinase (DNA -PK; Hemmings and Restuccia, 2012 ). For an
extensive review on AKT/PKB signalling and regulation, see Bayascas and Alessi, 2005
and Risso et al, 2015. Phosph atase and tensin homolog (PTEN) counter regulates Pl -
3K activity by dephosphorylating PIP 3 to PIP,, ther eby inhibiting the @ PKB pathway
(Carracedo and Pandolfi, 2008). Along with PTEN, the pathway is also modulated by
protein phosphatase 2A (PP2A) and PH domain and Leucine rich repeat protein
phosphatases (PHLPP) that dephosphorylate PKB at Thr 398 and Ser *"* respectively (for
an extensive review see Carracedo and Pandolfi, 2008). Figure 1.5 summarises the

PKB pathway.

Agonist

SAARY ‘ﬁ AESORASRASADIAN

7 l / ILK
CZON
PKB/AKT P)
CIEDre 1

Downstream effectors

Fig 1.5 : The steps leading to activation of PKB. F or detailed description, see main
body of text

Phosphorylated PKB is  redistributed to the mitochondria (Miyamoto et al, 2008) and/or

nucleus ( Toker and Marmiroli, 2014 ) where it inhibits BAD -mediated cytochrome -c
release (Datta et al, 1997 ). Furthermore, Gottlob and colleagues have reported that

PKB enhances the interaction between hexokinase and voltage dependent anion
channel 1 (VDAC-1) thereby preserving the mitochondrial membrane integrity (Gottlob

et al, 2001 ; Abu-Hamad et al, 2008 ).

There is some evidence that PKA activation prior to an ischaemic insult significantly

reduces the infarct size in canine heart and that increases in cAMP levels during
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ischaemia might be necessary to offer protection (Sanada et al, 2004). However, the
same could not be demonstrated for rat hearts as inhibitio n of PKA reduced the infarct
size and improved recovery (Makaula et al, 2005). Another protein kinase involved in

cardioprotection is PKC. There are 10 isoforms of PKC, however, PKC tiand PKCU ar

dominant in murine heart (Schreiber et al, 2001). While PKC 0, PKCal and PKCa
dominant human ventricles, PKC A and PKCi i n atrP&Clhndnd aRKC
distributed equally in both (Simonis et al, 2007). Hence , there is inconsistency in the

PKC isoform essential to trigger cardioprotection as these depend on the model

system used. PKCU appears t olyéxpressed naadiheasentiatforn si st e
cardioprotection (Zatta et al, 2006) across various models, for instance, in rabbit and

human myocardium (Liu et al, 1999; Sivaraman et al, 2009). While inhibition of PKC a
has been reported to reduce the infarct size and improve recov ery in murine hearts
(Inagaki et al, 2003).

Overall, evidence points that cardioprotection via pre - and post -condit ioning is
dependent on protein kinases even though the exact mechanisms are not well
understood (Hausenloy et al, 2005). Interpretation of th e signal transduction cascades
and their downstream effectors involved in cardioprotection via pre- and post -
conditioning  would provide clear understanding and pharmacological tools to exert

beneficial effects during ischaemia and ischaemia/reperfusion inj ury.

1. 4 Transglutaminases.

Transglutaminases (TG) are a family of multifunctional enzymes that catalyse calcium

dependent post -translational modifications of proteins. Clarke and colleagues provided

the first data documenting a TG that was obtained from guinea pig liver (Clarke et a I,
1957) . The official name Otransglutaminase6 was
1959 (Mycek et al, 1959). Nine proteins have been identified in the TG family. Eight of

them are enzymatically active (TG1 -7 and Factor XIII A), however the ninth one (Ban d

4.2) is structurally related to the family but is not enzymatically active due to the fact

that it lacks a catalytically active site (Grenard et al, 2001; Lorand and Graham, 2003).
Transglutaminases mainly catalyse an -cardgxamidesr an s f
of gl ut ami nanino graum of Ksine residues. This reaction can form various

products by incorporation of polyamines into proteins, deamidation of proteins as well

as protein crosslinks (Lorand and Conrad, 1984; Nurminskaya and Belkin, 2012 X

Eckert et al, 2014). Hence TGs can affect protein structure, signal transduction,

membrane stabilisation, etc. and these may slightly vary up on kinetics of the reaction

and differences in substrates (Facchiano and Facchiano, 2009). The family of TGs and

their physiological impact is summarised in Table 1.



Table 1.

The family of transglutaminases and their

physiological impact

Name

Alternative names

Mol
wt

Gene
name

Location

Function

Pathology

References

Factor
XIIA

Plasma transglutaminase,
fibrin stabilising factor,

fibrinoligase, Laki -Lorand

factor

83
kDa

F13Al

Platelets, placenta,
synovial fluid,
chondrocytes, astrocytes,
macrophages, osteoclasts
and osteoblasts, heart,
eye, dendritic cells in the
dermis

Blood clot ting, wound
healing, bone growth and
synthesis

Impaired wound healing, severe
bleeding tendency, spontaneous
abortion during pregnancy,
subcutaneous and intramuscular

haematomas

QOdii and Coussons,
2014; Eckert etal,
2014

TG1

Keratinocyte
transglutaminase,
particulate TG, type 1 TG,

TGK

90
kDa

TGM1

Cytosol, membrane,
squamous epithelia,
keratinocytes

Cell envelope formation in
the differentiation of
keratinocytes, cornified
envelope assembly in
surface epithelia, barrier
function in stratif  ied

squamous epithelia

Lamellar ichthyosis

Candi etal, 1998; Odii

and Coussons, 2014;
Eckert etal, 2005;
Eckert etal, 2014

TG2

Tissue transglutaminase,
type 2 TG, G gn cytosolic
transglutaminase,
transglutaminase type
ILliver TG, erythrocyte TG,
endothelial TG, TGC

78kDa

TGM2

Ubiquitous distribution in
different tissues,
membrane, cytosol,
nucleus, extracellular

Cell differentiation, matrix
stabilisation, adhesion
protein, apoptosis,
transmembrane signalling,

GTPase activity, cell
survival, endoc ytosis

Autoimmune diseases,
neurodegenerative disorders,
metabolic diseases, malignancies

Facchiano et al , 2006;
Eckert etal, 2014;
Nurminskaya and
Belkin, 2012; Odii and
Coussons, 2014

TG3

Epidermal
transglutaminase, callus
TG, hair follicle TG, bovine
snout TG, type 3 TG, TGE

77
kDa

TGM3

Cytosol, hair follicle, brain,
epidermis

Cell envelope formation
during keratinocyte
differentiation, terminal
differentiation of
keratinocytes and hair
follicle, GTPase activity

Human epidermis diseases

Odii and Cousso ns,
2014,
Eckert etal, 2014

TG4

Prostatic transglutaminase,
androgen -regulated major
secretory protein,
vesiculase, dorsal prostate
protein 1 (DP1), type 4 TG,
TGP

77
kDa

TGM4

Prostate gland, prostatic
fluids and seminal plasma

Reproductive function
involving semen
coagulation esp. in rodents,
cell -matrix adhesion of
prostate cancer cells

Prostate cancer progression

QOdii and Coussons,

2014; Jiang etal,

2013; Eckert etal,
2014




TG5 Type 5 TG, TGX

Over -expressed or absent in

di fferent

psoriasis

Spinocerebellar ataxias,

areas of
disease lesions, secondarily

involved in hyperkeratotic
phenotype in ichthyosis and in

QOdii and Coussons,
2014; Candi etal,
2002; Toone, 2011;
Eckert etal, 2014

TG6 Type 6 TG, TGY

TG7 Type 7 TG, TGZ
Band Erythrocyte membrane
4.2

protein band 4.2, B4.2,
ATP-binding erythrocyte

81 TGM5 Ubiquitously expressed but Keratinocyte differentiation
kDa predominantin female and cornified cell envelope
reproductive tissues, foetal assembly, adhesion of
tissues, cytosol, foreskin stratum corneum to
keratinocytes, skeletal stratum granulosum,
muscular striatum, epider mal differentiation
epithelial barrier lining
78 TGM6 Cytosol, membrane, testis, Development of central
kDa lung, brain nervous system, GTPase
activity, motor function,
late stage cell envelope
formation in epidermis and
hair follicle
81 TGM7 Ubiquitously expressed but Not characterised
kDa predominant in testis and
lungs
72 EPB42
kDa

Erythrocyte membranes,

polyglutamine (polyQ)

Not characterised

Qdii and Coussons,
diseases 2014; Wang etal,
2010; Sailer and
Houlden, 2012; Guan
et al , 2013; Thomas
al, 2013; Eckert

2014

et
etal,

membrane protein band 4.2

spleen, bone marrow,

Maintains erythrocyte
foetal liver

shape and mechanical
properties, membrane

Spherocyticelliptocytosis

Qdii and Coussons,
2014; Eckert

etal,
2014

integrity, cell attachment,
signal transduction

QOdii and Coussons,
2014; Eckert etal,
2014; Kalfa etal, 2014
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1.5 Tissue transglutaminase.

Tissue transglutaminase or TG2 is an ubiquitously expressed member of the TG family

(Lorand and Graham, 2003). It is a multifunctional enzyme possessing a
transamidating activity, GTPase activity, protein disulphide isomerase activity and can

also function as a scaffolding protein. It is due to its diverse nature and ubiquitous
distribution that TG2 is implicated in regulation of many physiological processes such

as cell adhesion and migration, growth and differentiation, survival and apoptosis as

well as o rganisation of the extracellular matrix. Given that TG2 has a myriad of
functions, it is involved in many pathologies such as neurodegenerative disorders,

coeliac disease, few cancers, inflammation, ischaemia/reperfusion injury, etc. TG2 is

composed of four domai ns: N t-sandwichn(aall -a39), catalytic domain (aa
140-4 6 0 ) -barrédl -1 (aa 461 -58 6 ) a-barel a2 (aa 587 -687; see figure 1. 6). The
N-terminus contains a fibronectin binding site that mediates high affinity interaction

between TG2 and fibr onectin , which is involved in cell adhesion (Akimov et al, 2000).

The catalytic domain contains the catalytic triad (cys277, His335, Asp358) which is
essenti al for its transamidating a chairel-ilcontainsGr i f f
the GTP/GDP -bindi ng domain. However, the catalytic domain also contains 15 residues
spanning between amino acids 159 -173 involved in the GTP/GDP  -binding activity.
Apart from these residues Trp332 and Arg579 have been recently identified as being

important for GTP binding a  ctivity of TG2 (Murthy et al, 2002; Ruan et al 2008; Lai

and Greenber g, 28artl3) domaihftataids 20 residues spanning between
amino acids657 -6 77 whi ch are essential to recognise anda
(PLCU1l) and pgadrenod epter -rikdiated signal transduction (Das et al, 1993;
Hwang et al, 1995; Baek et al, 2001; Kang et al, 2002).

aa | 139 277 335 358 460476/478 538 580 687
N— pB-sandwich | | || Catalytic core [ || Barrel 1 - C
\E-}\{,-l?./ RR R Phospholipase C
|‘VTAT\TDQQDTCLSLQI—TT{ Catalytic traid 430EGSEEERE453 K GTP/GDP ) binding
¥ Fibronectin binding '°° Ca** binding

binding site

Fig 1. 6: Schematic illustration of the structure of tissue trans glutaminase (TG2). TG2
is composed of four domains: N t er mi-sardWichg catalytic core, a-barrel -1 and 2.
Figure adapted from Lai and Greenberg, 2012.
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(i) Functions of TG2.

(@) GTPase activity:

In 1990, a novel G -protein was identified, termed G onh (Im and Graham, 1990). Further
investigation revealed that G gyhada74 kDa U-subunit and A-sububdit(RaBa 2
et al, 1993; Baek et al, 1993 ) which made it atypical to heterotrimeric G -protein s that
have a 45-sububinandda 35 -4 0 k Dahetarddimer (Milligan and Kostenis,

2006). In 1994, G y, was found to be TG2 (Nakoka et al., 1994). It transmits signals

f r omg &n d ,p Ghdrenoceptors, thromboxane A2, oxytocin and follicle -stimulating

hor mone receptors. Al these receptors-tdg¢t iwhatcd
leads to increased inositol 1,4,5 -trisphosphate (IP  3) levels and downstream signalling

(Baek et al, 1993; Das et al, 1993; Baek et al, 1996; Feng et al, 1996; Im and

Graham, 1990; Im et al, 1990; Lorand and Graham, 2003; Mhaouty -Kodja, 2004;

Park et al, 1998; Vezza, 1999). Ggp or TG2 binds and hydrolyses GT P with similar
affinity and catalytic rate as observed in the classical G -proteins (Begg et al, 2006;

Begg et al, 2006a). Also, the G -protein cycle is similar to that of the heterotrimeric G -
proteins (Lorand and Graham, 2003; Mhaouty -Kodja, 2004). Extensiv e
characterisation of G 3/TG2 revealed Val®®-Lys®? r egi on i-barrdl RRedomiin as

the effector contact region required to bind and activate PLC -U 1(Hwang et al, 1995).

This is similar to that of heterotrimeric G -protein as C -t er mi nal estibunit h e U]
contains an effector contact region. For instance, Trp 23 1 eu®® and Arg ?®*° of Gy.are

the effector contact region required to bind and activate adenylyl cyclase (Itoh and

Gilman, 1991; Berlot and Bourne, 1992).

Apart from these TG2 is also known to regulate other signalling pathways. It activates

ERK1/2 in cardiomyocytes (Lee et al, 2003), increases adenylyl cyclase activity in

neuroblastoma cells (Tucholski and Johnson, 2003) while inhibits adenylyl cyclase

activity in fibroblasts and endothelial ce lIs (Gentile et al, 1997). TG2 also promotes

fibroblast migration (Stephens et al, 2004), however inhibits vascular smooth muscle

mi gration by binding to the cytoplasmic tail of

2 +

vascular smooth muscle, TG2 also activates large -conductance Ca °'-activated K
channels (Lee et al, 1997). This implies that regulation of signalling pathways depends

on the cell background and type (Eckert et al, 2014).

Regardless of the recent progress in understanding this function of TG2, its role in
pathophysiology is still poorly understood. In NIH3T3 and Hela cells, this activity of

TG2 is prosurvival and cytoprotective independent of its transamidating function

(Datta et al, 2007). In an ischaemic heart, TG2 GTPase activity is strikingly re duced
suggesting it is an important factor in cardiac failure (Hwang et al, 1995). However,

cardiac -specific overexpression of TG2 does not alter PLC -0l activity proposi
functions as a TG rather than GTPase (S mall et al, 1999) or through a non -PLC-0 1

pathway such as many outlined above.
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(b) Kinase activity:

In 2004, it was reported that TG2 has intrinsic kinase activity (Mishra and Murphy
2004). It was found that TG2 phosphorylates insulin -like growth factor binding
protein -3 (IGFBP -3) and insulin -like growth factor binding protein -5 (IGFBP -5) in
breast cancer cells . Furthermore, inhibition of TG2 using chemical inhibitors abolished
phosphorylation of both these proteins ( Mishra and Murphy, 2004 ). This
phosphorylation was at multiple ser ine residues in the central domain of these
proteins. Also, increasing intracellular  calcium concentration inhibited TG2 kinase
activity and enhanced its crosslinking activity in a concentration dependent manner

(Mishra and Murphy, 2004 ).

Furthermore, it was found that the kinase activity of TG2 is responsible for
phosphorylation of histones H1, H2A, H2B, H3 and H4 (Mishra et al, 2006). This
phosphorylation occurred at functionally important serine residues such as Ser '°, Ser %
and amino -terminal region of  histones, further illustrating the kinase activity of TG2
(Mishra et al, 2006). TG2 is also responsible for phosphorylating p53 oncoprotein
(Mishra and Murphy, 2006). TG2 phosphorylates p53 at Ser ~ ** and Ser ?° residues which
reduces the ability of p53 to  interact with mouse double minute 2 ( Mdmz2 ), thereby
facilitating apoptosis (Dumaz et al, 2001; Ito et al, 2004; Mishra and Murphy, 2006).

TG2 phosphorylates retinoblastoma protein (Rb) at Ser "®° residue which is important
for binding of Rb to E2F family of transcription factors (Mishra et al, 2007). Moreover ,
Medina and collegues reported that in FRTL -5 thyroid cells, cAMP  -induced proliferation
involved both phosphorylation of Rb and PKA activation (Medina et al, 2000). It is
possible that phosphorylation o f Rb by TG2 is important however was no t investigated
in these studies

TG2 can be phosphorylated by PKA which attenuates its transamidating activity and

enhances its kinase activity ( Mishra et al, 2007 ). PKA activation by dibutyryl -cCAMP
enhanced TG2 and Rb phosphorylation in mouse embryonic fibroblasts which was
reversed by PKA inhibitor H -89 ( Mishra et al, 2007 ). Nurminskaya and colleagues
reported that in differentiation of pre -osteoblasts in the periosteal bone, there is an

inter -relationship between T G2 and PKA dependent signalling pathways. According to
this study, TG2 can inhibit PKA  -mediated signalling however the underlying
mechanisms remain unexplored (Nurminskaya et al, 2003). It was recognised that
TG2 has a Ser ?* residue which is phosphorylate d by PKA and creates a binding pocket

for 14 -3-3 protein (Mishra and Murphy, 2006). 14-3-3 forms a complex with
retinoblastoma associated protein RbAp48 (Imhof and Wolffe, 1999). Also, 14 -3-3
protein interacts with various other proteins involved in apopto sis and signalling
pathways (Mackintosh, 2004; Porter et al, 2006). Hence interaction of 14 -3-3 with
TG2 might be important in regulation of TG2 function as well as for crossta Ik amongst

signalling pathways.
13



Furthermore, p hosphorylation of TG2 at Ser ~ #°

residue by PKA causes TG2-mediated
activation of NF -8B, which induces down regulation of PTEN, resulting in activation of
AKT in mouse embryonic fibroblasts, MCF -7and T -47D breast cancer cells  (Wang et al,

2012) . Use of mutant TG2 lacking the Ser  #® residue and H -89 (PKA inhibitor)

completely blocked activation of NF -aB and down regulation of PTEN (  Wang et al,
2012). Rodolfo and colleagues identified BH3 motif in TG2 which facilitates its
interaction with Bax but not with Bcl -2 and Bcl -X_. (Rodolfo et al, 2004).

Phosphorylation of Ser 2

in BH3 motif of BAD facilitates its interaction with Bcl -X_as
well as increases accessibility to Ser ~ **®> which is phosphorylated by PKA in the BH3
motif (Macdonald et al, 2006). Phosphoproteomic studies hav e revealed that TG2

apart from Ser 2 has an additional serine residue Ser 2

which is present in PKA
consensus phosphorylation site (Wang et al, 2012 ). These potential sites can be
phosphorylated by many kinases such as calmodulin -dependent protein kinase I,
casein kinase Il, MAPK, PKC, RSK and CDKS5 ( Rikova et al, 2007; Guo et al, 2008;
Wang et al, 2012 ) and once phosphorylated may play a role in interaction of TG2 with

Bcl-2 which attenuates its pro -apoptotic function and enhances its anti - apoptotic
func tion (Wang et al, 2012).

TG2 has also been shown to p lay a role in activation of Rho A and MAPK (ERK1/2,
JNK1/2 and p38 MAPK) pathways ( Singh et al, 2003 ), CREB activation ( Tucholski and
Johnson, 2003 ) and PLC activation ( Nakaoka et al, 1994 ). It remains unclear if TG2

kinase activity is necessary for activating these kinases.

(c) Protein disulphide isomerase activity:

In 2003, protein disulphide isomerase activity (PDI) of TG2 was reported (Hasegawa
et al , 2003) . PDl 6s are enzymes that catal yse
proteins to ensure correct protein folding. Once certain proteins are folded in the

correct conformation, they can be activated, e.g. inactive RNase A was reporte d to be
folded properly into an active form by TG2 (Hasegawa et al, 2003). It is observed that

TG2 might modulate the respiratory chain by facilitating formation of di -sulphide
bridges in the mitochondrial complex | (NADH -ubiquinone oxidoreductase), |l
(su ccinate -ubiquinone oxidoreductase), IV (cytochrome c¢ oxidase) and V (ATP
synthase) (Mastroberardino et al, 2006). It was also found that there is a reduction in

ATP production in TG2 knockout mouse cardiomyocytes and skeletal muscles. This
reduction could be due to lack of di  -sulphide bridges formed by TG2 (Krasnikov et al,
2005). Adenine nucleotide translocator 1 (ANT1) is another target for TG2 PDI activity

(Malorni et al, 2009). Oligomerisation of ANT1 is necessary for its activity, however

TG2 knockout mice have increased thiol -dependent ANT1 oligomerisation which results

in high ANT1 mediated ADP/ATP exchange activity in the cardiac myocyte
mitochondria (Malorni et al, 2009). It was als o found that interaction of Bax and ANT1,

as well as their co -locali sation is dependent on TG2. Overall, this suggests that TG2
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PDI activity in conjunction with ANT1 might play a role during impairment of
mitochondrial activity (Malorni et al, 2009; Sarang et al, 2009).

Overexpression of TG2 in other mitochondrial models resulted in increased cell death
(Piacentini et al, 2002; Ruan et al, 2007). Piacentini and colleagues have shown that

there was hyperpolarisation of the mitochondria and increased levels of reactive

oxygen species (ROS) in TG2 overexpressing cells in resp onse to staurosporin e
treatment (Piacentini et al, 2002). Cyclosporin A (mitochondrial transition pore

inhibitor) was successful in protecting the cells from apoptosis, however, the
mitochondria remained hyperpolarised due to overexpression of TG2 (Piacent ini et al,
2002). In a related study using TG2 overexpressing striatal cells reported that
thapsigargin treatment increased mitochondrial hyperpolarisation and ROS production

They also found that this treatment elevated cytochrome c release and caspase -3
activation which led to increased cell death (Ruan et al, 2007). These studies suggest

that regulation of TG2 PDI activity is necessary for normal mitochondrial function. It

should be noted that this activity of TG2 is independent of its transamidating act ivity

(Krasnikov et al, 2005).

(d) Transamidating activity:

2+ 2+

TGs require Ca to catalyse transamidation reactions , however the Ca binding sites

have not been conclusively identified yet. Kiraly and colleagues have identified Six
putative Ca 2

149, 228, 236, 305, 395 and 432). Mutagenesis studies have shown that mutation of

binding sites on TG2, all of which are located in the catalytic domain (aa

any one of the Ca %" binding site results in complete loss of the transamidating function.

2+

This suggests tha t there is some level of co  -operation between the Ca binding

domains to TG2 (Be rgamini, 1998; Kiraly et al, 2011 ). Apart from this, a membrane

lipid sphingosylphoshocholine (Lyso -Sm) has been shown to modulate TG2
transamidase activity by enhancing it at 10 uM Ca®* concentrations. Lyso-Sm induces
a conformational change in TG2 influencing its Ca * pinding affinity while not affecting

its substrate binding affinity (Lai et al, 1997). Another study has shown that the
transient rise in Ca " levels becauseof ti ssue injury or other sti mu
affinity for GTP thereby resulting in activation of its transamidating function (Begg et

al, 2006a). This rise in intracellular levels of Ca 2

can be induced by a number of
factors such as rapid ATP p roduction (aerobic metabolism), reactive oxygen species
(ROS), growth factors (e.g. Insulin -like growth factor binding protein -3, nerve growth
factor) and chemokines (e.g. CXCL 10, CXCL 12) which can release Ca # from
intracellular stores (  De Bernardi et a |, 1996; Seurin et al, 2013; Nelson and Gruol,
2004; Agle et al, 2010). To further support this argument, most of the potential
substrates of TG2 are primarily cytoplasmic proteins (Facchiano and Facchiano, 2009).

Stamnaes and colleagues have reported that two intra -molecular disulphide bonds
(C370 -C371 and C370 -C270) appear to influence the transamidating activity of TG2

(Stamnaes et al, 2010). Post -translational modifications such as S -nitrosylation ha ve
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also been shown to attenuate TG2 transamidating fun ction (Santhanam et al, 2010).

These findings indicate that Ca  **

levels are not the only factor regulating the
transamidating activity of TG2 but it seems that this activity is highly regulated by
multiple factors  (e.g. Ca %).

Transglutaminases are  capable of catalysing various transamidation reactions. When

an acyl transfer react i on -carlzokamides qf Iglatangnesbaadt we e n
primary amines, it leads to post -translational modification of proteins by amine
incorporation. When an acyl transfe r reaction takes -pdrbaxamideboét we en

gl ut ami n e-amirmgrdup &f lysine residues, it leads to formation of an isopeptide

bond and crosslinks the two proteins ( see fig ure 1. 7A). When the same reaction
occurs b e t-carbaxamided of glutami nes and primary amines, it leads to
formation of an amide bond (see fig ure 1. 7B). When an acyl transfer reaction takes
pl ace bet-eacexamidds of glutamines and a water molecule, deamidation
occurs (Lorand, 2003; see figure 1. 7C). The mechanism of tra nsamidation comprises
of two steps. Firstly, the acyl acceptor (glutamine residues) binds to the active site

cys277 of TG2 forming a thioester bond (intermediary step) and releases an ammonia
molecule. Secondly, the amine donors such as primary amines (fre e amines) or a
peptide bound lysine, nucleophilically attacks the thioester bond releasing TG2 to its

original active form (Folk, 1983). However, if the attacking group is water, then it

leads to deamidation.
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Fig 1. 7: Transamidation reactions catalysed by TG2. TG2 is capable of catalysing
various transamidation reactions , which can lead to  (A) an isopeptide bond formation,
(B) an amide bond formation and (C) deamidation.
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(e) Protein Scaffolding function:

Apart from the enzymatic functions, p rotein scaffolding functions of TG2 have also

been recogni sed (Par k et al ., 2010) . I nter-act i
integrins (al, a3 and abs) |l eads to stronger ce
extracellular ma trix (Akimov et al 2000, Akimov and Belkin, 2001). TG2 also affects

adhesion -dependent signalling pathways such as constitutive activation of focal
adhesion kinase (FAK) (Verma and Mehta, 2007) and its ablation causes a decrease in

renal fibrosis asaresultof | ower <coll agen | synthesis and re
(Shweke et al, 2008). Another example of TG2 acting as a scaffolding function is in

cell migration. In EGF  -stimulated cancer cells, TG2 binds to actin and recruits proteins

that aid in actin pol  ymerisation (Antonyak et al, 2009). TG2 functions as a scaffold for

a variety of non -enzymatic interacting partners and its role has been well documented.

Few examples include interaction of TG2 with calmodulin and huntingtin (Zainelli et al,

2004), with ¢ alrecticulin and integrin (Coppolino et al, 1997), with small ubiquitin -like
modifiers (SUMO -1) and E3 SUMO protein ligase (PIASy; Luciani et al, 2009), with

RhoA, PKA, AKAP13 (Lewis et al, 2005), and with syndecan, fibronectin and integrin
(Telci et al, 2 008) . For an extensive review on scaffolding function of TG2, see

Nurminskaya and Belkin, 2012; Eckert et al, 2014; Kanchan et al, 2015.

(i) Role of TG2 in disease.

(a) Neurodegen erative diseases:
TG2 has been suggested to contribute to neurodegen  eration by generating cytotoxic

soluble and insoluble protein aggregates (Jeitner et al, 2009; Grosso and Mouradian,

2012). The activity and expression of TG2 is elevate
et al , 1999) , Parkinsonos di dasxaend( Audrtiimga oed s
(Karpuj et al, 1999). Al z hei nieseades is characterised by the presence of

extracellul ar senil e pl aques f ormed of aggregal

intracellular neurofibrillary tangles formed of phosphorylated tau protein (Przedborski

et al, 2003; Siegel and Khosla, 2007). Amy | oi da sabstiate for TG2, crosslinking of

which resembles the polymers seen i nalR00& Matinmer 6s

et al, 2011). U-synuclein is a substrate for TG2in the cont ext of Parkinson
Parkinsonds disease i s ddtianrof dopaminagrgceneurorisy  dithig r a

the substantia nigra al ong wi t h formati on esynucleire wrgteinb o d i e
aggregates; Hoffner and Dijian, 2005). Cr os s | i nk-synugleironionofder leads to

t he aggr eg adynuden indéwy libdies (Andringa e t al, 2004).

Huntingtonds disease is charact er i shantingtin protdinh e pr €
aggregates. It is an autosomal dominant disorder caused by expansion of CAG repeats

which encodes for glutamine and this expansion leads to production of huntingtin

protein with a poly glutamine N -terminus. Since glutamine is a substrate for TG2, it

has been highly implicated in formation of insoluble huntingtin protein aggregates
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(MacDonald et al, 1993; Hoffner and Djian, 2005). During Huntingtonés

been recorded that deletion of TG2 extends the life span in mouse models ( Bailey and
Johnson, 2005; Mastroberardino and Piacentini, 2010; Altuntas et al, 2014). These
studies provide evidence of involvement of TG2 in neurodegenerative disorders and

that it plays an important role in their progression.

(b) Coeliac disease:

It is well established that TG2 acts as a master regulator of coeliac disease. Coeliac
disease is a systemic autoimmune disorder characterised by villous atrophy and crypt
hyperplasia of the small intestine due to indigestion of dietary wheat, rye and barley
derived gluten (Learner et al, 2015; Rauhavirta et al, 2016). The glutamine residues

in gluten need to be deamidated to provoke an immune response. This is performed

by TG2 (Schuppan and Hahn, 2002). Previous studies have demonstrated that
patients suffering  from coeliac disease have high levels of anti -TG2 antibody in their
serum (Sollid and Scott, 1998), higher expression and activity of TG2 in the intestinal
mucosa (Caputo et al, 2004) and localisation of TG2 in the extracellular matrix and
small intestinal mucosa as compared to all layers of the small intestinal wall (Hansson

et al, 2002; Caputo et al, 2004). Despite , having ample evidence of involvement of
TG2, its role is still being unravelled and new therapeutic strategies are being

developed for coelia c disease.

(c) Cancer:

Elevated levels of TG2 have been reported in malignant melanoma (Fok et al, 2006),
glioblastoma (Yuan et al, 2007), breast carcinoma (Mehta et al, 2004), ovarian
carcinoma (Hwang et al, 2008), pancreatic carcinoma (Verma et al, 2006) and lung
carcinoma (Park et al, 2010). Cancer cells expressing high levels of TG2 show higher
resistance to chemotherapeutic drugs (Mehta et al, 2006). TG2 has conflicting roles in

cancer with respect to cell survival or apoptosis. For instance, enhanceme nt in
adhesion to fibronectin and promotion of cell migration in ovarian carcinoma which

leads to survival of cancer cells has been observed (Satpathy et al, 2007). However,
down regulation of TG2 in primary tumours causes metastasis (Verma and Mehta,
2007 ). On the other hand, transamidation activity causes apoptosis in some cancer
cells (Milakovic et al, 2004). These studies illustrate that TG2 can either prevent or

promote cancer metastasis which greatly depends on cancer cell type and stage.

(d) Inflamm ation and wound healing:

TG2 expression is up -regulated by tumour necrosis factor -U (TFMF (Kuncio
1998), interleukin -1 (IL1) (Johnson et al, 2001), interleukin -6 (IL6) (Suto et al, 1993)

and tumour growth factor -:al (Ta@F ( Quan et Radently, i2Ha9alsd been
reported that TG2 expression is up -regul at e d adrenoeeptods in macrophages

and promotes differentiation of T -helper type 17 cells, thereby promoting
inflammation ( Yanagawa et al, 2014). Reduced kidney injury, renal fibrosis and
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scarring was observed in TG2 mice as compared to wild type mice (Verderio et al,

2004; Shweke et al, 2008). This effect was due to reduced activation of TGF -a and
collagen | along with reduced inflammatory response. It was also recently observed
th at deletion of TG2 causes autoimmunity d ue to impairment of macrophage -mediated

phagocytosis of apoptotic cells (Toth et al, 2009). TG2 can protect cells by enhancing
attachment and motility in an inflammatory background as TG2 -overexpressing
fibroblasts s how increased cell attachment and migration (Gross et al, 2003). As
suggested by these studies, TG2 is an important player in cell death mechanisms and

inflammatory responses.

(e) Ischaemial/reperfusion injury:
Elevated expression of TG2 in response to ischaemia has been reported in several
studies (Tolentino et al, 2004; Filiano et al, 2010). Filiano and colleagues have

reported neuroprotective effects of TG2 in both primary rat cortical neurons and SH -

SY5Y human neuroblastoma cell line (Filiano et al, 2008; Filiano et al, 2010). This
protection was observed due to interaction of TG2 with hypoxia inducible factor -1a
(HI'F14a) whi ch resul ts i n negative regul ati on
attenuation of the pro-apoptotic gene, Bnip3. Another stud y from the same group

reported that astrocytes from TG2 -

mice showed resistance to ischaemia/reperfusion
injury and were able to increase survival of neurons (Colak et al, 2012). This conflict

shows that TG2 differentially modulates ischaemic cell death in neurons and astrocytes.
Szondy and colleagues in another study have shown that TG2 is cardioprotective
against ischaemia/reperfusion injury (Szondy et al, 2006). This study suggests that

TG2 acts at a mitochondrial level and maintains mitochondrial resp iratory function by
ATP synthesis. These studies collectively show that TG2 is involved in cellular
mechanisms underlying ischaemia/reperfusion injury and that it might have a
protective role depending on the cell background.

Overall, looking at these stud ies we can conclude that TG2 is able to contribute to
both cell survival and cell death depending on cell background and disease pathology.
Therefore, it is of great interest and importance to get a better understanding of

function and role of TG2 in numer ous pathological conditions as it represents a

potential target.

(i) Role of TG2 in cell death and cell survival.

TG2 is a complex enzyme , which is regulated by various factors . Hence, conflicting
roles in the same pathological and/or physiological system have been reported . These
opposing roles could be due to differences in the enzymatic as opposed to non-

enzymatic functions (Fesus and Szondy, 2005; lismaa et al, 2009; Kiraly et al, 2011),
conformational structure (open verses closed) (Fesus and Sz ondy, 2005; lismaa et al,
2009), genetic variations such as short or truncated form (TG2 -S) in comparison with

long form (TG2 -L) (Tee et al, 2010) or single -nucleotide polymorphism (  Kiraly et al,
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2011) as well as the genetic background of cell systems or a nimal models used during
the study (lismaa et al, 2009; Tatsukawa and Kojima, 2010).

Currently, the role of TG2 in cell survival and cell death is widely acknowledged and
numerous studies are being focused to identify what triggers TG2 to act in a pro - or
anti -apoptotic manner (Nurminskaya and Belkin , 2012; Tatsukawa et al, 2016). | n
TG2 overexpressing mice  neurons and N2a neuronal cell line, TG2 exerts a protective

effect against hypoxia -induced cell death (Filiano et al, 2010). This protective effect is
observed due to overexpression of TG2 and its localisation in the nucleus (Filiano et al,
2010) . On the other hand, TG2 knockout or inhibition of TG2 in transgenic mice
attenuated the progression of neurodegenerative disorders (Bailey and Johnson, 2005;
Mastroberardino et al, 2002; Karpuj et al, 2002; Andringa et al, 2004; Dudek and

Johnson, 1994). TG2 enhances cancer development by increasing EGFR expression in
glioblastomas (Zhang et al, 2013), attenuation of apoptosis in thapsigargin -treated
HEK?293 cells (Milakovic et al, 2004) and retinoic acid treated NIH3T3 and embryonic

lung fibroblast cel Is (Boehm et al, 2002), increasing resistance to chemotherapeutic
drug in breast cancer metastasis (Mehta et al, 2010; Ma ngala et al, 2007) and
stabilising adhesive interactions in melanoma cells for metastasis (Kong and Korthuis,

1997). However, TG2 can also supress cancer by excessive stabilisation and
accumulation of ECM crosslinks (Johnson et al, 1994; Shrestha et al, 2015) and can
also facilitate apoptosis in ret inoic acid treated U937 cells and phosphorylation of
retinoblastoma (Rb) protein in MCF -7 cells (Tatsukawa et al, 2011; Mishra et al, 2007;
Oliverio et al, 1997).

TG2”" mice show impaired glucose  -stimulated insulin secretion and glucose intolerance
compared to control mice (Bungay et al, 1986; Gomis et al, 1983; Sener et al, 1985;
Bernassola et al, 2002; Porzio et al, 2007). However, it should be noted that inhibition

of TG2 did not prevent insulin secretion induced by cAMP or phorbol ester and could

only prevent insulin  -secretion induced by calcium (Lindsay et al, 1990; lismaa et al,

2013). TG2 can enhance angiogenesis through VEGF signalling in the endothelium
(Dardik and Inbal, 2006; Haroon et al, 1999). It can also facilitate migration and

tubule formation of the human umbilical vein endothelial cells (HUVEC) (Wang et al,

2011). It is observed that inhibition of TG2 causes a reduction in fibronectin deposition
and matrix -bound VEGFA and therefore promotes angiogenesis in a VEGF -dependent

manner (Wa ng et al, 2011). TG2 is also know to enhance angiogenesis by co -

localisation and binding with endostatin - a C-terminal domain of collagen XVIII (Faye
et al, 2009; Faye et al, 2010), organisation of the cytoskeleton, as well as endothelial
sprouting and mig ration of both endothelial and vascular mesenchy mal cells (Myrsky
et al, 2008).

TG2 is also reported to promote spreading and adhesion of human endothelial cells
ECV304 via it s adhesion/scaffolding  activity with fibronectin and/or integrin (Gaudry et

al, 1999; Jones, et al, 1997). However, TG2 is also known to inhibit angiogenesis by
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excessive stabilisation and accumulation of ECM crosslinks resulting in a reduction of
organised vasculature (Jones et al, 2006) a nd can also cause retinoic acid -mediated
apoptosis in vascular smooth muscle cells (Ou et al, 2000). TG2 can protect
hepatocytes against carbon tetrachloride and FAS -induced liver injury through
dimerization leading to activation of Spl (Han an d Park, 2000; Nardacci et al, 2003;
Sarang et al, 2005). However, it can also promote liver injury and fibrosis in alcoholic
steatohepatitis and non  -alcoholic steatohepatitis free fatty acid -treated human 293T
cells and NZB/W F1 mice (Kuo et al, 2012; D 6 @amio et al, 2010; Kojima et al, 2010;

Hsu et al, 2008). Thus, it is clear that the complex balance between pro - and anti -
apoptotic functions of TG2 need further investigation and that they are dependent on
numerous factors  (Tatsukawa et al, 2016).

In NIH3T3 fibroblast cells, exposure to LY 294002 (PI -3K inhibitor) causes a
substantial decrease in the ability of TG2 to bind to GTP. This indicates that PI -3K
regulates the switch between GTPase and transamidase activity of TG2, along with

changes in Ca **

concentration. Also the Ras -ERK1/2 pathway influences the switch

between pro -apoptotic transamidating function and pro -survival GTPase function
(Antonyak et al, 2003). There is evidence that is contradictory as to whether TG2 is

pro or anti -apoptotic. The mechanism by which TG2 modulates apoptosis greatly

depends on the cell type and stimulus involved (Gundemir et al, 2012). It has been

shown that there is a role for TG2 transamidase activity in tissue injury/repair

following ischaemic/reperfusion injury (G undemir et al, 2013) and during ischaemia or
hypoxia TG2 binds to hypoxia inducible factor 1a

(Gundemir etal, 2013).

(iv) TG2 and cardioprotection.

TG2 has been shown to be cardioprotective against ischaemia/reperfusion injury in
mice (Szondy et al, 2006). Wild type and TG2 knockout mouse hearts were subjected
to ischaemia/reperfusion injury. It was observed that TG2 - hearts had significantly

+/+

increa sed infarct size and ventricular fibrillation when compared to TG2 hearts
under ischaemia/reperfusion injury. It should be noted that infarct size and ventricular
fibrillation of both TG2 ** and TG2 '~ ischaemia/reperfused hearts were significant ly

+/+

increased as compared to control TG2 and TG2 '~ normoxic hearts (Szondy et al,
2006). It was found that TG2 is necessary for maintenance of intact mitochondrial
respiration and knockout of TG2 leads to severe failure in ATP production. This failure

in ATP production was hypothesised to be a result of reduced post -translational
modifications of mitochondrial regulatory proteins along with abolished action of TG2

on mitochondrial substrate proteins (Szondy et al, 2006). However, further
investigation is warra nted to identify these mitochondrial substrate proteins and

elucidate which activity of TG2 (kinase, transamidase, etc .) is vital for ATP production.
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Recently, it has been shown that TG2 can be activated by PK A and PK C (Almami et al,
2014). Activation of these pathways by forskolin and phorbol ester , respectively,
contributed to cyto protection of H9c2 cardiomyoblasts  against hydrogen peroxide -
induced cell death. Inhibition of TG2 using chemical inhibitors attenuated the
protection off ered by forskolin and phorbol ester, suggesting TG2 to have an
important role in  facilitating cytoprotection (Almami etal, 2014).

These studies suggest a role for TG2 in mediating cellular response to
ischaemia/reperfusion injury and it could potentially be a pharmacological target for
treatment for ischaemia  -induced pathologies. Since GPCRs are capable of initiating

pathways which lead to activation of protein kinases such as PKA and PKC, it is

possible that GPCRs can modulate TG2 activity. However, at pr esent very little is
known about regulation of TG2 by GPCRs and its role in cardio  protection .

1.6 The G -protein Coupled Receptor (GPCR) family.

G-protein coupled receptors (GPCRSs) are the largest (>1200 GPCRs identified in the
human genome) and most studied family of membrane proteins (Insel et al, 2012)

They are widely distributed across various cell and tissue types and are responsible for
mediating physiological responses by interacting with a wide var iety of stimuli such as
peptide s, non -peptide s, hormones, light , catecholamines , etc. (Katritch et al, 2013;
Kingwell, 2016 ). The prime reason for studying these receptors is due to the fact that
currently about 40% of therapeutic drugs on the market target one or more GPCRs
(Cooke et al, 2015 ; Heifetz et al, 2016 ).

(i) Structure of GPCRs:

GPCRs are characterised by seven U-helical transmembrane spanning domains
separated by alternating intra - and extra -cellular loops, an intracellular carboxyl
terminal and an extracellular amino terminal (Rosenbaum et al, 2009). GPCRs also
undergo post -translational modifications such as gl ycosylation of the amino terminus

or extracellular loops , which is often necessary for their localisation ; palmitoylation of
cysteine residues within the intracellular loops and/or carboxyl terminal tail is required

to strengthen membrane association ; r eversible phosphorylation of the intracellular
loops and/or carboxyl terminal tail is important for G -protein anchorage as well as
desensitisation and internalisation of the receptor ( see figure 1. 8; Goddard and Watts
2012) . Rhodopsin, the light sensitive rec eptor was the first to have its crystal
structure reported which  has been extensively used to determine the structure and
function of other GPCRs (Palczewski, 2006).
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Fig 1.8: Schematic representation of the basic structure of class A GPCR. Class A

GPCRs interact with ligands and initiate a cascade of events ultimately leading to an
intracellular response.

Rhodopsin -like/Class A are the largest sub -group of GPCRs that includes receptors for

a vast variety of neurotransmitters, peptides, h ormones and other small molecules
such as pheromones, taste, vision and olfactory senses (Alexa nder et al, 2015).
Ligands bind to the receptor and cause a conformational change which leads to
receptor activation  and activation of heterotrimeric G -proteins (Hillenbrand et al, 2015;
for an overview refer to fig ure 1.9). In the inactive state, there is strong association
between GDP- bound GU-subuni t a n ddimeér.hWhenaaAligand binds to the
receptor, it acts as a guanine nucleotide exchange factor (GEF) catalysing the

exchange of GDP for GTP. This exchange reduces the affinity of G Usubunit fer th

dimer, which results in their dissociation. Once dissociated the G Ubound GTP -and
subunits can act on their downstream effectors and generate a response. Termination
of this signal occurs via the intrinsic GTPase activity of the G U-subunit that cleaves

GTP to GDP. This complete s the cycle by re -associating the G U-subuni t and t he
dimer hence impeding interaction with their downstream effectors (Cabrera -Vera et al,

2003; Sunahara and Insel, 2016). Two of the GPCRs discussed in this thesis

(adenosine A; receptors and a, adrenoceptors ) belong to the class A sub  -group of

GPCRs.
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Fig 1. 9: Conformational changes during GPCR activation . (1) In the resting state, the

heterotrimeric G -protein is bound to GDP. (2) Upon ligand binding, a conformational
change causes receptor to become active which exposes a catalytic component which

causes exchange of GDP to GTP. (3) The active G o GTP subunit dissociates from
membrane bound G 3 zsubunit and both these subunits exert a downstream effect. (4)
Termination of the signal by hydrolysis of GTP to GDP by the intrinsic GTPase activity

of G g subunit , which causes the receptor and G -proteintoreturnto i ts inactive/resting
state.

G- proteins are further classified depending upon their G U-subunit ( see figure 1. 10).
They are broadly categorised into four subtypes: G Us, GUj, GUgi1, GUizns. GUs
proteins have a stimulatory effect on the enzyme adenyl yl cyclase while the GUy,
proteins have an inhibitory effect on it. A denylyl cyclase produces the second

messenger cAMP  and activates PKA -mediated signalling . GU, proteins are selectively
activated by cholera toxin while GUy, proteins are inhibited by pertussis toxin.  GUi3
act on the guanine exchange factors (GEF) of the Rho family of GTPases. The GUy1s
proteins activate phospholipase C -a ( PL Cawhich cleaves phosphatidylinositol
bisphosphate (PIP ) into diacylglycerol (DAG) and inositol triphosphate (IP 3). DAG
further activates protein kinase C (PKC) and IP3; modulates intracellular calcium
concentration. The GUq,ll proteins are insensitive to cholera and pertussis toxin
therefore distinguishing them from the other G -proteins ( Neves et al, 2002;

Wettschureck and Offermanns, 2005 ; Syrovatkina et al, 2016 ).
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Fig 1. 10: Signalling pathways mediated by main classes of G o proteins. GU;, GUy,
proteins have stimulatory and inhibitory effects on adenylyl cyclase and its
downstream effectors respectively. GUq,n protein activates phospholipase C thereby
activating protein kinase C and calcium signalling while GU,13  proteins activate
guanine nuc leotide exchange factors of the Rho family.
Many of these GPCRs are expressed in the heart where they contribute to
cardioprotection, including the adenosine receptors and the beta -adrenoceptors
Hence, studying their signalling mechanisms is of utmost importance in order to
identify potential pharmacological targets , Which could protect against myocardial
injury.
1.7 Adenosine receptors.
Adenosine is a naturally occurring purine molecule which is formed by degradation of
adenine nucleotides (ATP, ADP and AMP) both intra - and extra cellularly . Adenosine

formation is increased in response to various stimuli such as ischaemic/reperfusion

injury, necrotic cell death , inflammation (Schulte and Fredholm, 2003 ; Fred holm,
2014) and exerts several effects such as vasodi lation, negative ionotropic,
chronotropic and  dromotropic  effects (Sheth et al, 2014 ). Adenosine exerts these
effects via the four ¢ loned and characterised adenosine receptors (A 1, Aza, Azg and Aj)
belonging to the GPCR superfamily. Among these the A ; and A 3 couple to G j, proteins
which are sensitive to pertussis toxin and inhibit cAMP signalling while A oa and A,
couple to G protei ns and activate cAMP signalling (Fredholm et al, 2011 ; Head rick et
al, 2013 ). Furthermore, A; and A ; adenosine receptors also activate phospholipase C

(PLC) signalling via a A s u b weleased from G ;-proteins (Smrcka and Sternweis,
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1993; Rebecchi and Pantyala, 2000; Schulte and Fredholm, 2003). Adenosine is

known to balance cellular energy supply and demand and has several roles in
maintaining normal physiological regulation including cardiac impulse generatio n and
conduction, contractility and adrenergic responsiveness (Headrick et al, 2011;
Headrick et al, 2013; Fredholm, 2014 ). Its physiological range is about 30 -200 nM,
however, during ischaemia or ischaemia/reperfusion injury , extracellular levels of
adenosine can increase up to 10 uM , a concentration  which then exerts its
cardioprotective  effects against ischaemia or ischaemia/reperfusion injury ( Ballarin et
al, 1991; Fryer et al, 2002; Schulte and Fredholm, 2003; Fredholm, 2014 ).

All the four adenosine receptor subtypes are expressed in the heart. The m ajority of

the A ; adenosine receptor  population is distributed in the atrial myocytes, ventricular
myocytes, AV and SA nodes (Burns, 1990; Germack and Dickenson, 2004; Fredholm

et al, 2011) while the A; adenosine receptor population is found in coronary vascular
smooth muscle cells and ventricular myocytes (Burns, 1990; Auchamp and Bolli, 1999;
Germack and Dickenson, 2004; Fredholm et al, 2011) . The A,, adenosine receptor
population can be found in the ¢ oronary endothelium and coronary vascular smooth
muscle cells of guinea pigs and mice (Burns, 1990; Auchamp and Bolli, 1999; Hein et

al, 2001; Fredholm et al, 2011) as well as ventricular myocytes while the Az
adenosine receptor population is distributed in the coronary endothelium and coronary
vascular smooth muscle cells of rats (Burns, 1990; Feoktistov and Biaggioni, 1990;
Germack and Dickenson, 2004; Fredholm et al, 2011) . All four adenosine receptors
exert cardiovascular effects . which are summarised in table 2 and play a role in
cardioprotection  (Ralevic and Burnstock, 1998; Salvatore et al, 2000; Fredholm et al,

2011; Headrick et al, 2013) . However, the major focus of this thesis will be onthe A ;

adenosine receptor an  d its role in cardioprotection.
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Table 2 . Adenosine receptor subtype and their effects on cardiovascular tissue.

Adenosine Tissue G- Signalling pathways Physiological effects on References
receptor subtype distribution protein modulated cardiovascular tissue
subunits

A Atrial and ventricular Gojivz/z ZCAMP Bradycardia (negative chronotropy), Belardinelli and Isenberg, 1983;
myocytes, AV and SA yIP3/DAG (PLC) A-V nodal conduction slowing Munshi et al, 1991; Scholz and
nodes, cortex, ZQ,P, N -type Ca 2* channels (negative dromotropy), reduction of Miller, 1991; Freund et al, 1994;
cerebellum, §K* channels atrial contractility (negative inotropy), Jockers et al, 1994; Gerwins and
hippocampus, spinal ycholine /DAG (PLD) inhibition of  cardiac pacemaker cells, Fredholm, 1995; Shryock and
cord, eye, adrenal y Arachidonic acid (PLA ) anti -a-adrenergic effect, ischaemic Belardinelli, 1997; Dickenson and
gland, skeletal pre -conditioning and post - Hill, 1998; Ralevic and
muscle, adipose conditioning (tolerance to hypoxia), Burnstock, 1998; Freissmuth et
tissue, bronchi, glycolysis (depending on metabolism al, 1999; Salvatore et al, 2000;
oesophagus, kidney, of ATP can increase or decrease). Fredholm et al, 2001; Straike r et
liver, colon, testis, al, 2002; Ciruela et al, 2010;
pancreas. Headrick et al, 2011; Fredholm

et al, 2011; Headrick et al, 2013.

Aon Coronary Gs JCcAMP Vasodi lation (hypotension), inhibition Offermanns and Simon, 1995;
endothelium, of platelet aggregation to vascular Olah, 1997; Shryock and
coronary vascular Goi JcAMP endothelium, inhibition of adherence Belardinelli, 1997; Ralevic and
smooth muscle cells, of activated neutrophils to vascular Burnstock, 1998; Kull et al,
ventricular G116 JIP 3, endothelium, inhibition of superoxide 2000; Salvatore et al, 2000;

myocytes, thymus,
leukocytes, platelets,
blood vessels,
olfactory bulb,
GABAergic neurons,
peripheral nerves,
eye, lung.

Z Ca?" channels

release.

Corvol et al, 2001; Fredholm et
al, 2001; Li etal, 2009 ; Ciruela
et al, 2010; Headrick et al, 2011;
Fredholm et al, 2011; Hasko and
Pacher, 2012; Headrick et al,
2013.
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Aosg Coronary Gs JcAMP Vasodilation (hypotension), inhibition of Pierce et al, 1992; Shryock and
endothelium, § Ca®* channels platelet aggregation to vascular Belardinelli, 1997; Ralevic and
coronary vascular endothelium, inhibition of adherence of Burnstock, 1998; Linden et al,
smooth muscle cells, Gyn1 JIP3/DAG (PLC) activated neutrophils to vascular 1999; Gao et al, 1999; Salvatore
blood vessels, eye, endothelium, inhibition of superoxide et al, 2000; Fredholm et al, 2001;
adrenal gland, brain, release. Ciruela et al, 2010; Headrick et
pituitary gland, lung, al, 2011; Fredholm et al, 2011;
mast cells, adipose Headrick et al, 2013.
tissue, cecum, colon,
bladder, ovaries,
kidney, liver.

Az Coronary vascular Gy11 yIP3/DAG (PLC) Ischaemic pre -conditioning (tolerance to Abbracchio et al, 1995; Palmer et
smooth muscle cells, hypoxia), increase in mast cell activation, al, 1995; Shryock and
ventricular Gizzio ZCAMP inhibition of inflammatory pain. Belardinelli, 1997; Parsons et al,
myocytes, yIP3/DAG (PLC) 2000 ; Ralevic and Burnstock,
cerebellum, YK*-ATP channels 1998; Tracey et al, 1998; Carre et

hippocampus,
microglia cells, lung,
mast cells, spleen,
testis, pineal gland,
thyroid, adrenal

gland, liver, kidn ey,

intestine.

ycholine /IDAG (PLD)
y CI" channels

al, 2000 ; Mitchell et al, 1999;
Salvatore et al, 2000; Fredholm
et al, 2001; Ciruela et al, 2010;
Headrick et al, 2011; Fredholm et
al, 2011; Headrick et al, 2013.
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(i) Role ofthe A ; adenosine receptor in cardioprotection:

The pilot study undertaken by Liu et al, 1991 reported that ischaemic pre -conditioning
reduced , infarct size in rabbits and that this protection was lost following infusion of
non -selective adenosine receptor antagonists (Liu et al, 1991). A subsequent study
showed that selective antagonism of the A ; adenosine receptor completely abolished

the prote ction, indicating thatthe A ; adenosine receptor appearsto havea central role
in offering protection against ischaemia/reperfusion injury (Thornton et al, 1992).

Thornton and colleagues  also showed that infusion of a selective A , adenosine receptor
agonist significantly reduced the infarct size, providing further evidence for the role of
A: adenosine receptor in protection (Thornton et al, 1992). Pharmacological post -
conditioning using adenosine was effective in reducing infarct s ize in canines which
was abolished in the presence of a selective A 1 adenosine receptor antagonist

indicating a role for the A ; adenosine receptor (Velasco et al, 1991). However, similar

post - conditioning had no effect in isolated rabbit hearts (Xu et al, 2001). Hochhauser
and colleagues have shown that in isolat ed hearts from rats (both normotensive and
hypertensive) , activation of the A ; adenosine receptor triggers early - and late -phases
of pre -conditioning which results in protection (Hochhauser et al, 2007). Another

study undertaken in canines found that pre -conditioning with adenosine not only
reduces the infarct size but also preserves myocardial function. However, this
treatment also had side effects such as increase in energy requirement and oxygen
wasting (Phillips and Ko, 2007). There have been many subsequent studies evaluating
the role o f adenosine in cardioprotection ( Kersten et al, 1997; Mangoni and Barrere -
lemaire, 2004 ; Peart and Headrick, 2007, Bonney et al, 2014;  Yeung and Kolathuru,
2015; Contractor et al, 2016; Randhawa and Jaggi, 2016).

Given that all the four adenosine receptors play a role in cardioprotection, there is a
lot of synergistic effects amongst them. For instance, @ Cohen and Downey have shown
that protection delivered by adenosine during ischaemia or ischaemia/reperfusion

injury triggers activation of the A 1 and A 3 adenosine receptors which signal via G i and
activate PKC. PKC further activates the A o adenosine receptor, which then o ffers
protection by targeting effector proteins such as mitochondrial permeability transition

pore (MPTP) (Cohen and Downey, 2008). Another study reported that in H9c2 cells
adenosine -mediated protection was due to co -operation between A1, Ay and A o
receptors (Urmaliya et al, 2009). Boucher and colleagues reported that pre -
conditioning of the A, adenosine receptor resulted in reduction of the infa rct size
(Boucher et al, 2004). The A,z adenosine receptor exhibits protection via
pharmacological pre - and/or post -conditioning in rabbit hearts (Kuno et al, 2007,
Philipp et al, 2006). However, no protection was observed in the A 1 adenosine
receptor knock -out mice (Xi et al, 2008) suggesting that the mechanism of protection

exhibited by the adenosine receptors greatly de pends on the model system used.
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There appears to be a role for PKB in adenosine -mediated cardioprotection. Qin and
colleagues demonstrated that protection in isolated rabbit he arts via pre -conditioning
with adenosine is independent of PI1-3K (Qin et al, 2003). However, another similar

study reported that protection of isolated rabbit hearts by adenosine is through

phosphorylation of PKB during reperfusion (Solenkova et al, 2006). Furthermore,
Germack and colleagues have shown that in neonatal rat hearts, PKB phosphorylation
is involved in adenosine mediated signalling but not in adenosine -mediated

cardioprotection (Germack et al, 2004).

From these examples , it is clear that there is a role for adenosine receptors in
cardioprotection and that understanding the underlying signal transduction mechanism

is of the utmost importance as it could potentially modulate proteins which exert these
cardioprotective effec ts. A, adenosine receptor -mediated signalling is very well
documented. Although the A ; adenosine receptor stimulation is traditionally associated

with inhibition of adenylyl cyclase, it also can trigger the activation of additional

signalling cascades invo  Iving PKB, PKC, ERK1/2 and p38 MAPK (Dickenson et al, 1998;
Germack and Dickenson, 2000; Robinson and Dickenson, 2001; Germack and
Dickenson, 2004, Germack et al, 2005; Yang et al, 2009). Since PKC and ERK1/2 are

also associated with modulation of transglu taminase activity (Mishra et al, 2007;
Bollag et al, 2005), it is conceivable that the A 1 adenosine receptor can modulate
transglutaminase activity as well. This will form one of the major areas of investig ation

undertaken by this thesis.

1.8 Adreno ce ptors.

The catecholamine s, adrenaline and noradrenaline play dual roles as

neurotransmitters as well as hormones. They are synthesised from tyrosine by
tyrosine hydroxylase to produce dihydroxyphenylalanine (L -DOPA) in the
postganglionic sympathetic nerve ending and chromaffin cells of the adrenal gland

(Guimaraes and Moura, 2001). The signal provided by these hormones is transduced

to a cellular response by a family of GPCRs called the adrenoceptors. There are nine
adrenoceptor subtypes  identified , based u pon both genetic and functional studies. The
family is further split into two divisions, U and six alpbao(mg,r igd$ iiddg of
Uoa, 2d0dand ,c)land three b et a,, (.3 n d ;) adrenoceptors (Brodde et al, 2006;
Guimaraes and Moura, 2001; McGrath, 2015). The existence of a fourth atypical beta
adrenoceptor ( @adrenoceptor) was proposed by various studies and it was suggested
to mediate glucose uptake in muscle cells and chronotropic and ionotropic functions in

rat and human cardiac cells (Roberts et al, 1993; Roberts et al, 1995; Kaumann and
Molenaar, 1997 Sarsero et al, 199 9). Few studies demonstrated that in rat aorta the

a, adrenoceptor mediated lusitr opic effects (Shafiei and Mahmoudian, 1999; Brawley

et al, 2000a; Brawley et al, 2000b ) and t h atadrenoceptor & present in rat
mesenteric arteries (Kozlowska et al, 2003). However , other studies failed to confirm

these findings (Brahmadevara et al, 2003; Brahmadevara et al, 2004; Briones et al,
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2005). F ollow up studies have shown th at , adrenoceptor is rather an altered
conformational sitoart eadrenbceptorhaad this conformational change

causes it to lose its affinity for specific ligands and gain affinity towards other agonists

(Konkar et al, 2000; Granneman, 2001; Jost et al, 2002; Lewis et al, 2004; Baker,
2006) . Thus, t he gadresoceptarcemains ftincléar.
T h e , ddrenoceptor subtypes couple to G g1 Pprotein and activate phospholipase C -a

(PLCa) whi ch further activates preleases iimtracellulan a s e

calcium stores ( Minneman, 1988; Terzic et al, 1993 ) whi | e, adreeocepibr
subtypes couple to Gi and inhibit cAMP signalling ( Civantos and Aleixandre , 2001 ).
There is evi den cadrerodeptdrs atelpresent) 1 in the heart , however,n o U2

adrenoceptors are found in the heart (Simpson, 1983; Bylund et al, 1998). There
appears to be a substantial role for alpha adrenoceptors in the vasculature , where
stimulation causes constriction of peripheral vessels , thereby controlling blood

pressur e (Guimaraes and Moura, 2001).
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Table 3. Adrenoceptor

subtype and their effects on cardiovascular tissue.

Adrenoceptor Tissue G- protein Signalling pathways Physiological effects on References
subtype distribution subunits modulated cardiovascular tissue

Ui Coronary vascular smooth muscle cells, Gg11 JIP3/DAG (PLC) Positive chronotropy, Bristow et al, 1986; Wu et al,
Atrial and ventricular myocytes, cortex, positive inotropy, 1995; Reiter, 2004; Zaugg et
glutamatergic neurons, eye, Liver, vasoconstriction al, 2004; Zaugg and Schaub,
kidney, lung, uterus smooth muscle, 2005; Rozec and Gauthier,
salivary gland, platelets, stomach and 2006; Zaugg et al, 2008 ;
intestinal smooth muscle. Cotecchia, 2010; Jensen et al,

2011.

U Coronary vascular smooth muscle cells, Gy1 JIP3/DAG (PLC) Positive chronotropy, Bristow et al, 1986; Wau et al,
Atrial and ventricular myocytes, cortex, positive inotropy, 1995; Reiter, 2004; Zaugg et
glutamatergic neurons, eye, Liver, vasoconstriction al, 2004; Zaugg and Schaub,
kidney, lung, uterus smooth muscle, 2005; Rozec and Gauthier,
salivary gland, platelets, stomach and 2006; Zaugg et al, 2008 ;
intestinal smooth muscle. Cotecchia, 2010; Jensen et al,

2011.

Uip Coronary vascular sm  ooth muscle cells, Gg11 JIP3/DAG (PLC) Positive inotropy, Bristow et al, 1986; Wu et al,
Atrial and ventricular myocytes, cortex, vasoconstriction 1995; Reiter, 2004; Zaugg et
glutamatergic neurons, eye, Liver, al, 2004; Zaugg and Schaub,
kidney, lung, uterus smooth muscle, 2005; Rozec and Gauthier,
salivary gland, platelets, stomach and 2006; Zaugg et al, 2008.;
intestinal smooth muscle. Cotecchia, 2010; Jensen et al,

2011.
Uoa cortex, cerebellum, hippocampus, spinal Goivar3 ZcAMP Lowers BP Bristow et al, 1986; Gesek,

cord, pre- and post -synaptic nerve
terminals, hypothalamus, coronary
vascular smooth muscle cells, atrial and
ventricular myocytes, adipocytes,
platelets, kidney, intestinal smooth
muscle, pancreas.

9IP3/DAG (PLC)

1996; Schwartz, 1997; Reiter,
2004; Zaugg et al, 2004; Zaugg
and Schaub, 2005; Rozec and
Gauthier, 2006; Zaugg et al,
2008; Bondar and Lazar, 2017.
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Uss Coronary vascular  smooth muscle cells, Goliv2rz ZcAMP vasoconstriction Bristow et al, 1986; Gesek,
atrial and ventricular myocytes, yIP3/DAG (PLC) 1996; Schwartz, 1997; Reiter,
hippocampus, thalamus, olfactory bulb , 2004; Zaugg et al, 2004;
blood vessels, intestinal smooth muscle, Zaugg and Schaub, 2005; Rozec
pancreas. and Gauthier, 2006; Zaugg et

al, 2008.

U, Coronary vascular smooth muscle cells, Gojivzsz ZcAMP Lowers BP, vasoconstriction Bristow et al, 1986; Gesek,
atrial and ventricular myocytes, cortex, yIP3/DAG (PLC) 1996; Schwartz, 1997, Reiter,
hippocampus, thalamus, olfactory bulb , 2004; Zaugg et al, 2004;
eye, blood vessels, intestinal smooth Zaugg and Schaub, 2005; Rozec
muscle, pancreas. and Gauthier, 2006; Zaugg et

al, 2008.

a, Atrial and ventricular myocytes, AV and Gs ycAMP Positive inotropy, positive Bristow et al, 1986; Martin et
SA nodes, cortex, salivary gland, kidney, §L-type Ca 2* opening lusitropy, positive al, 2004; Reiter, 2004; Zaugg et
adipocytes, vasculature, urinary bladder, chronotropy, positive al, 2004; Zaugg and Schaub,
stomach and intestinal smooth muscle. yIP3/DAG (PLC) dromotropy 2005; Rozec and Gauthier,

Goliv/2i3 2006; Zaugg et al, 2008 ;
Bernstein et al, 2011.

a, Atrial and ventricular myocy tes, AV and Gg ycAMP Positive inotropy, positive Bristow et al, 1986; Xiao, 2001;
SA nodes, coronary vascular smoot h lusitropy,  positive Heubach et al, 2004; Reiter,
muscle cells, blood vessels, cerebellum, chronotropy, vasodi lation 2004; Zaugg et al, 2004; Zaugg
motor nerve terminals, olfactory bulb , Gojivzsz yIP3/DAG (PLC) and Schaub, 2005; Rozec and
eye, kidney, lung, vasculature, liver, mast yPI-3K (PKB) Gauthier, 2006; Zaugg et al,
cells, salivary glands, pancreas, 2008; Galaz-Montoya et al,
gastrointestinal and uterus smooth 2017
muscle, striated  and skeletal muscle.

as Adipocytes, lung, gall bladder, urinary Gs ycAMP Negative chronotropy, Bristow et al, 1986; Reiter,
bladder. negative inotrop y, positive 2004; Zaugg et al, 2004; Zaugg

Golit2ia yIP3/DAG (PLC) lusitropy, vasodi lation and Schaub, 2005 ; Rozec and

9eNOS/NNOS

Gauthier, 2006; Zaugg et al,
2008 ; Tchivileva et al, 2009
Cannavo and Koch, 2017.
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1.9 Beta -adreno ceptors.

Evidence shows that the human; amaa adtenoceptars inthé s o f |
atria the r at;i aadiemtept@zein’0%:30% while in ventricles its 80%:20%
(Brodde et al , :120h@6 gErenoBeptory cardstimulate cardiac contractility
(positive inotropy) and are i nvol yalknodeporswcans odi | :
al so stimul at e l usitropy ( c a radrénaceptors aré aisually i on) .
associated with decreasing cardiac contr actility (negative inotropy; Motomura et al,

1990; Kaumann and Sanders, 1993; MacDougall et al, 2012). The ; and , a
adrenoceptors couple to G ¢ although under certain circumstances, there is evidence

t h at adéenoceptors can couple to G ; proteins ( Xiang a nd Kobilka, 2003 ). Whereas

t h ez adrenoceptors consistently couple to G i proteins ( Wallukat, 2002 ).

Bot h; aan d , adrenoceptors play a very important role in cardiac contractility.

Usually, noradrenaline selectively activates a,; adrenoceptors and controls the heart

rate and contractibility (Brodde et al, 2006). However, during cardiac insult or stress,

adrenaline is release d whi ch st i mul addersoceftdnse, ingreasing heart rate
and contractibility thereby increasing the ca rdiac output , ensuring adequate tissue
perfusion (Brodde, 1988). Once activated ,bot h aad, alrenoceptors coupleto G g,
activating cAMP signalling thereby activating protein kinase A (PKA) , Which further
phosphorylates protein targets invol ved in chronotropy and inotrop vy (Brodde et al,
2006). Increases in intracellular calcium concentration leads to contraction (inotropy)

while decreases in intracellular calcium concentration leads to relaxation (lusitropy).

The L-type calcium channels (LTCC) are r esponsible for regulating the calcium
concentration in cardiomyocytes (Kamp and Hell, 2000). Hulme and colleagues
demonstrated that stimulation of isolated ventricular myocytes with isoprenaline

caused a significant increase in intracellular calcium concen tration (Hulme et al, 2006)

This increase was observed as a result of phosphorylation of serine -1928 , a residue
present at the C -terminal end of the L  -type calcium channels , via activation of PKA
(Hulme et al, 2006). They also suggested that activation of a, adrenoceptors activates

the L -type calcium channels by increasing cAMP concentrations throughout the cells ,
while a, adrenoceptors only  produce a smaller population of cAMP near the cell surface ,
which regulates cardiac T -tubules and ryanodine receptors (Hulme et al, 2006). This
assumption was verified by various studies using frog cardiomyocytes , Which only

e x pr e s arenbceptors , as well as FRET -based techniques using cAMP-FRET sensor
called hyperpolarisation activated cyclic nucleotide -gate d potassium channel 2 (HCN2 -
cAMP; for reviews see Chen-lzu et al, 2000; Skeberdis et al, 1997; Nikolaev et a I,
2006; Nikolaev et al, 2010).

Ryanodine receptors are invol ~ ved in a process called Calcium  -Induced Calcium Release
(CICR) and are located on the membrane of the sarcoplasmic reticulum of
cardiomyocytes. Zhou and colleagues reported that stimulation of isolated ventricular

myocytes with isoprenaline caused an increase in activation of ryanodine r eceptors
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follow ing activation of L -type Ca %" channels. PKA was shown to be the key player in

this study as inhibiting PKA with Rp -8-CPT-cAMP resulted in elimination of ryanodine

receptors being activated (Zhou et al, 2009). The cardiac relaxat ion (lusitrop vy) is
regulated by SERCA, which is responsible for removal of Ca®" from the cytoplasm and

back into the sarcoplasmic reticulum. At rest, phospholamban (sarcoplasmic reticulum

me mbrane protein) is dephosphorylated and i nhibi
adrenoceptors leads to phosphorylati on of phospholamban and activation of SERCA
(Kaumann et al, 1999). Ca®" is quickly quenched from the cytoplasm to the

sarcoplasmic reticulum and results in relaxation (positive lusitro py) (Frank et al, 2002;

see fig ure 1.11). Furthermore, phosphorylation of troponin | and myosin -binding

protein C via PKA reduce myofilament sensitivity to Ca®" causing ventricular relaxation

(Frank et al, 2002). Apart from cardiac excitation -contraction coupl
adrenoceptors can also activate glycogen phosphorylase kinase , thereby increasing

glucose available for metabolism necessary due to increased cardiac output ( Xiao and

Lakatta, 1993 ).

Agonist
l’ Ca2+

Ay Vi
“s e /Ni» Ca2+
Troponin I (P) /PKA

Myosin-binding protein C E‘)

Fig 1.1 1: a-adrenoceptor mediated cardiac excitation -contracton coupl i Rg.
adrenoceptor c o u p Lk adivatihngoade®/lyl cyclase and cAMP mediated PKA
activation. PKA phosphorylates phospholamban (PLB) and enhances sarcoplasmic

reticulum (SR) calcium uptake. Activation of L -type calcium channels (LTCC) are
responsible for entry of calcium ions , Which causes activation of ryanodine receptors

(RyR) thereby inducing Calcium -Induced Calcium Release (CICR) . Figure adapted from
Champion and Kass, 2004.
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() Biased agoni sm o f, adrdneceptors

Recentl vy, the oOlinear efficacyd of GPCRs has be
(Rei ter et al , 2012) . Many GPCRs via their agol
multiple G -pr ot e i narestir -dépendentsignalling pat hways. Thi ssiodab!l ur i
efficacyd occurs when an agoni st preferentially

pathways from the same recept oradrehdRaepiors have been al |,
shown to demonstrate this property in response to  multipl e agonists. Noradrenaline

(the endogenous full agoni st )adrecoaeptor fmedidteyy Gact i v
signalling/cAMP signalling pathway (Heubach et al, 2003; Wang et al, 2008). Whereas
Clenbuterol (full a g o n i, adrenoceptorimediated a ¢St sigaadingdPs ; a
signalling pathway (Siedlecka et al, 2008). Similar biased agonist properties have

been exhibited by isoprenaline and adrenaline (both full agonists; Heubach et al, 2003;
Wang et al, 2008; Liu et al, 2009). The biased agonism phenomenon f or t he
adrenoceptor may involve phosphorylation of the receptor by PKA (Da aka et al, 1997)

or GRK2 (Liu et al, 2009). Once the agonist is bound, the conformational shift in the

receptor is sufficient to reveal further allosteric sites (Staus et al, 2014). These sites

are revealed only during adrenaline biased agonism while for noradrenaline these sites

are not present ( Wa ngdreroceptard can b2 tapidly)desenaitised and
re-sensitised and it appears that dual phosphorylation of the rec eptor by PKA and
GRK2 is necessary for this (Xin et al, 2008).

There are several mechanisms produced to explain the phenomenon of biased

agonism. For instance , the differences in relative efficacy and potency were implied to

determine ligand bias ( Hollowa y et al, 2002; Sneddon et al, 2004; Gay et al, 2004;

Urban et al, 2007) . For extensive discussion on biased agonism see Kenakin, 2007;
Kekanin, 2009; Kenakin et al, 2012; Kenakin and Christopoulos, 2013; Rajagopal,

2013; Brust et al, 2015; Stahl et al, 201 5; Rankovic et al, 2016. The currently
accepted model for biased agonism is the 6competi
al, 2013 and modified to accommodate weak partial agonists by Sthal et al, 2015. Liu

and colleagues identified conformational change in helix VI for G -protein dependent

signalling while conformational change in helix VIl for arrestin -bi ased Il igands af

adrenoceptor using one -dimensional °F NMR spectroscopic studies (Liu et al, 2012).

R e c e nt {agrenoceaptor subtypes were quanti fied in airway smooeth n
arrestin knockout mice using this competitive model (Hegde et al, 2015). However,

Onaran and col | eagu eysadrenoceporayanidts cbupling ta G +«Gor - a
arrestin with varying efficacy to confirm this competitive model . They found a high

level of false positive result s along with a lack of correlation between the other models

used in this study (Onaran et al, 2017). Clearly f urther studies are necessa ry to

successfully identify bijaemaptamgoni sts at the a
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(i) a, adrenoceptor signalling in cardiomyocytes:

Liwu and coll eagues have shown t hat bi ased, agor
adrenoceptors in cardiomyocytes only at supra -physiological levels of adrenaline and
isoprenaline (Liu et al, 2009). They reported that adren aline induces rapid

desensitisation and re -sensitisation while noradr enaline just induces desensitisation

(Liu et al, 2009). This cou Id be seen as a further regulation o f , adrenoceptor -
mediated G ; binding and it is well known that G ; i s |l ocalised separ a
adrenoceptor s ( Head et al , 2005) . Thi s biadrenecdptora gcanni s m
allow the receptor func  tion to switch from being positive inotrop y to negative inotrop .

The aA s ub u mdtitatesodbwns®eam effectors such as MAPKs via the Src/Ras
pathway (Daaka et al, 1997). MAPKs can inhibit PKA induced phosphorylation of
phospholamban and hence reduce cardiac contractility (Crespo et al, 1995).
Communal and colleagues have shown that MAPK activation can protect the
cardiomyocyte f rom noradrenaline -i nduced apoptosis (Commun al
adrenoceptor -mediated Gi binding exert s an anti -apoptotic effect via ERK and AKT
signalling (Chesley et al, 2000; Shizukuda and Buttrick, 2002). The activatio n of p38
MAPK exerts negative i notropic effects in adult cardiomyocytes and its inhibition

causes strong reversible cardiac inotropy (Liao et al, 200 2). Heubach and colleagues
have s hown, adrdn@eptora - overexpressing muscle strips from mice represent a

bell -shaped concentration response curve when stimulated with adrenaline. However,

this was not observed wji ddtenoceptor amedigead &Gs isignelling a
causes positive inotropy when stimulated with adrenaline; however, at higher
concentrations , a, adrenoceptor -mediated G ; signalling kicks in and inhibits this
positive inotropy , bringing contraction to baseline levels (Heubach et al, 2003). This
suggest s , ndreadcept@ -mediated G ; signalling occurs only at higher agonist
concentration s, while at physiological levels of adrenaline the a, adrenoceptor couples

to G..

(i) Cardioprotecti ve,afefioeeptdrs of a

Cardiovascular effects of the a@ adrenoceptors |lies in thei

G-proteins. Communal and colleagues (1999) demonstr at ed adterioeeptorsa
i nduce apopt osadrenoceptolis preveniit. This was established by inhibiting
Gi-proteins by treating the cardiomyocytes with pertussis toxin , Which led to a

significant increase in the number of apoptotic cells (Communal et al, 1999). Based on

et

r

this study it wa s jisaudgrgeensotceedp ttor st have cardi ot oxi

adren oceptors have cardioprotective effects and that this is based on the ability of
receptors coupling to different G -proteins. This could explain why prolonged
stimulation oft he a adr enoc e p apoptosis (Srezakeda and Buttrick, 2002).
Activation of p hosphoinositide 3 kinase ( PI-3K), PKB and ERK1/2 by G;-proteins
promotes cell survival (Xiao, 2001; Che sl ey et al , 2000, Zhu et

adrenoceptor is also known to promote cardiac hypertrophy and abnormal calcium
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signalling by activating CAMKII and exchange protein directly activated by cAMP
(Epacl and Epac2; Schafer et al, 2000; Morisco et al, 2001; Zhu et al, 2003). Epac
activation is also known to be associated with pro -hypertrophy by activation of
NFAT/calcineurin signalling (Metrich et al, 2008; Pereira et al, 2013). Epac2 signalling

can cause leakage of Ca®" from intracellular stores resulting in Ca®" sparks, arrhythmia
and hypertrophy (Wu et al, 2002; Hothi et al, 2008; Pereira et al, 2013).

a; adrenoce ptor antagonists are prescribed to prevent cardi ot oxi c ef fec
adrenoceptors , which lead s to various cardiovascular diseases such as chronic stable
angina and hypertrophy (Messerli et al, 2009). The mechanism by which these
antagonists prevent cardiovascular diseases is by inhibiti ng the symp athetic activation
of heart and also limiting the myocardial oxygen demand so that it matches the supply.

This measure was used in pre  -operative and perioperative patients with cardiovascular

risk factors to decrease myocardial oxygen demand , which conferred cardiac

protection (Mangano and Goldman, 1995; Poldermans et al, 1999; Messerli et al,

2009). However, some clinical studies have shown adverse effects , such as increased
incidence of stroke and mortality (Devereaux et al, 2008; Beattie et al , 2010; Brady et
al, 2005; Wallace et al, 2011; Yang et al, 2006). Some studies have shownthat t he, a

adrenoceptors are cardioprotective (Bernstein et al, 2005; Fajardo et al, 2006;

Shizukuda and Buttrick, 2002; Chelsey et al, 2000; Devic et al, 2001). Fo r instagnce,
adrenoceptors protects the heart against doxorubicin -mediated toxicity by activating

survival pathways (Fajardo et al, 2011). Overall, these studies support the hypothesis

that, aadrenoceptors have car di ot,o adrecocepwrs f ehave s w h
cardioprotective effects.

Yano and coll eagues have reported t haddrenoceptdisd c 2 ¢
couple s to G; and activate s pro-survival kinases such as  PI-3K (Yano et al, 2007).  PI-

3K is a central compound inthe RISK pathway and it has also been demonstrated that

a, adrenoceptors can activate the ERK1/2 pathway, which is another key player in the

RISK pathway (Hausenloy et at, 2005; Galandrin and Bouvier, 2006; Tutor et al,

2007). A pilot study by Strasser and colleagues reported that in Langendorff -perfused

rat heart , exposure to ischaemia for short period sresulted in increased
adrenoceptors , which led to increased activity of adenylyl cyclase . However, longer

periods of ischaemia resulted in decreased |l evel s of a adrenoc:¢
decreased activity of adenylyl cyclase (Strasser et al, 1990). A subsequent study using

neonatal rat ventricular myocytes reported a similar observation (Rocha -Singh et al,
1991). These initial studies demonstrated a role
Many studies have | ooked at a adrenoceptors ag
measure against ischaemia. In mouse heart , cardiopr ot ecti on i s medi at
adrenoceptors and its switching from Gs to Gi-mediated signalling  (Tong et al, 2005 ).

The & adrenoceptor (s) responsible for  cardio protection in rat heart remain unclear

(Lange et al, 2006; Lochner et al, 1999; M arais et al, 2001; Moolman et al, 2006a;
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Moolman et al, 2006c; Nasa et al, 1997; Robinet et al, 2005; Tong et al, 2005; Yabe
et al, 1998; Yates et al, 2003). In the Langendorff -perfused rat heart , pre -conditioning

with a adrenocept or s meykine telgase, apoptbsEscanddandarctesize.

The key pathways identified as mediating these protective effects are PI-3K, PKA, PKC
and p38 MAPK (Nasa et al, 1997; Robinet et al, 2005 ; Moolman et al, 2006a;
Mool man et al, 2006¢c) . H o picr ackvating thede &inagdes ia yett® n o c e
be identified.

There isa potenti al , adreihoeeptdrsoim post -conditioning. &, adrenoceptors

can activate PI-3K and ERK1/2 , which are both key players of the RISK pathway

(Galandrin and Bouvier , 2006; Tutor et al, 2007). RISK pathways are activated during

reperfusion and so it is entirely possible that activation of a, adrenoceptors  could

mimic post -conditioning. Preliminary evidence exists, tha
adrenoceptors via post -conditioni ng in langendoff perfused rat hearts can offer

cardioprotection (Tota et al, 2012; Tota et al, 2014).

1.1 0 H9c2 cells as a mo del system for cardioprotection.

H9c2 cells are der ived from embryonic rat heart tissue and exhibit similar biochemical,
morphological and electrophysiological properties to primary cardiac cells (Kimes and
Brandt, 1976; Heschele r et al, 1991). These cells are increasingly being used as an in
vitro model f or studies relating to cardioprotection (see Han et al, 2005; Chen et al,

2010; Crawfor d et al, 2003; Sun et al, 2016) and H9c2 cells have been shown to be a
good model for ischaemia/reperfusion injury (Fretwell and Dickenson, 2009; Urmaliya
etal, 2009 ; Zhu et al, 2011; Sun et al, 2015; Hu et al, 2016;  Khaliulin et al, 2017; Li
et al, 2017; Liu et al, 2017; Wang et al, 2017; Xu et al, 2017 ). Furthermore, recent
studies have demonstrated that H9c2 cells are energetically more similar to primary

cardiac m yocytes than mouse atrial HL -1 cells and thus represent a viable in vitro
model to investigate simulated cardiac ischaemia/reperfusion injury (Kuznetsov et al.

2015). It should also be noted that HL -1 cell medium contains adenosine (a
cardioprotective agen t) and hence cannot be used to assess cardioprotective potential
especially with the adenosine receptors ( Peter et al, 2016 ). In addition to their
increasing use in studies exploring cardioprotection, H9c2 cells show hypertrophic
responses comparable to pr imary neonatal cardiac myocytes and therefore also
represent a useful cell model system to study heart disease (Watkins et al. 2011).

H9c2 cells also contain multiple cytochrome P450 (CYP) genes which are comparable

to those expressed in primary cardiomyocytes thus offering a unique in vitro model to
investigate cardiac metabolic activity (Zordoky and El -Kadi, 2007). Zhou and collegues
have reported that even though H9c2 cells do not have a beating function, they have

the ability to contract and expand . Therefore, they represent a suitable model for
investigating contraction and relaxation characteristics of cardiomyocytes as well as

for pre -assesment for toxicological studies of cardiovascular drugs where high

40



throughput and repitations are required (Zhou et al, 2016). Comparative analysis of

H9c?2 cells with other cardiac cells is summarised in table 4.

41



Table 4.

Comparative analysis of H9c2 cells with other cardiac cells (

adapted from Peter et al, 2016)

Neonatal . Human embryonic
. Adult cardiomyocytes . HL-1 :
cardiomyocytes (ARVMs/AMVMs) H9c2 cardiomyoblasts cardiomyocytes and pluripotent stem
(NRVMs/NMVMs) y cells (ESCs)
Origin Neonatal ventricular origin Adult ventricular origin Ventricular origin Derived from AT -1 atrial Ventricular origin
tumour cell lineage
Isolation Easy isolation Technically challenging Immortalised Immortalised Immortalised
isolation
Media must be L .
. . Have to be maintained in . .
. . N . supplemented with an atrial : o Technically chall enging to
Can be maintained in a Can be maintained in a . o . medium containing a L
differentiation factor in order ) . maintain in a serum  -free
. serum -free culture serum -free culture . S cardioprotective agent, a .
Maintenance . . . to differentiate in L culture medium. Numerous
medium up to 28 days medium for a short time . hypertrophic stimulus,
- h . : cardiomyocytes and express . protocols for
after isolation after isolation : : and an atrial : .
cardiomyocyte lineage . o differentiation.
differentiation factor
markers
Mature sarcomeric
structure is ideal for
patch -clamp/ contractility Immature unless
Phenotype Immature studies. Presence of Immature Immature maintained in culture for
mature ion channels are 127 15 week
ideal for Ca2+ imaging
studies
Homogeneity/ Can produce both Can produce both
heterog enetiil homogeneous and/or homogeneous and/or Homogeneous Homogeneous Heterogeneous
g Yy heterogeneous cultures heterogeneous cultures
S — Easily transfectable with Wb tected
ransfection lipid or electroporation Can only be transfecte Easily manipulated Easily manipulated Easily manipulated
manipulation methodologies with viral vectors
Contraction in Spontaneously beat in Do not spontaneously beat Do not spontaneously beat Contli'st?;zglo(r:lltﬁrllﬁ:usly antract spontaneo_u_sly in
culture (beating) cultu re in culture in culture e ideal culture conditions
conditions
Respp nd_to . Yes Yes Yes No Yes
hypertrophic stimuli
Cost Cost - effective Cost - effective Cost - effective Cost - effective Expensive
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It has been previously shown that pre - and post -conditioning with adenosine via A 1

adenosine receptor protects H9c2 cells against simulated ischaemia (Nagarkitti and

Shaaf i, 1998; Fretwell and Dickenson, 2011; Fretwell and Dickenson, 2009). A recent
study showed that TG2 can be modulated by PKC and PKA and that it plays a role in
cardioprotection in H9c2 cells (Almami et al, 2014). However, this study did not

investigate the GPCR (s) involved in TG2 -induced protection as general activators of
PKA (forskolin) and PKC (PMA) were used. Since PKC and ERK1/2 pathways are also
associated with modulation of TG activity (Mishra et al, 2007; Bollag et al, 2005), it is
conceivable t hat the A ; adenosine receptor could modulate TG2 activity and thereby
play a role in cardioprotection in these cells. The r ol-adreadceptors in mediating
cardioprotection in H9c2 cells has not be en uncovered yet. However, since PKA is
known t o be ac+tadreneceptord,itisy abBso conceivable that a-adrenoceptors

could modulate TG2 activity  and hence have a role in cardioprotection in H9c2 cells.

1.1 1 Aims of this project.

The main aims of this project are

1) To establish functional expression of GPCRs (adenosine receptors and -
adrenoceptors) and  TG2 in H9c2 cells.

2) To investigate modulation of TG2 activity by the A ; adenosine receptor.

3) To investigate modul ati on ,@adrendcép@dr acti vity

4) To identify and validate substrates of TG2 that are modulated by the

afore mentioned GPCRs.

5) To assess the cardioprotective potential of GPCR -induced TG2 activity.
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Chapter II: Methods
2.1 Materials.

Akt inhibitor XI , AS 605240, BAPTA/AM, forskolin, PD 98059, CGP 20712, Ro-31-8220,
Rp-8-CI-cAMPs, N6-cyclopentyladenosine, SB 203580, SP 600125, CL 316243,
cimaterol, dobutamine, formoterol, ICI 118,551, KT 5720, LY 294002, propranolol

thapsigargin  and wortmannin  were obtained from Tocris Bioscience (Bristol, UK).

Adenosine, casein, DPCPX (1,3 -dipropylcyclopentylxanthine), IBMX, IGEPAL,
Isoprenaline, MTT (3 -(4-5-dimethylthiazol -2-yl)-2,5 -diphenyltetrazolium bromide),

N 6 ,-dindethylcasein, paraformaldehyde, pertus sis toxin, protease inhibitor cocktail,
phosphatase inhibitor cocktail 2 and 3, ExtrAvidin ®_.HRP and ExtrAvidin ®-FITC and
Triton ™ X-100 were obtained from Sigma i Aldrich Co. Ltd. (Gillingham, UK).  Fluo-
8/AM was purchased from Stratech Scientific Ltd (Newmar ket, UK). 5X MMLV buffer,
10 mM dNTPs, random primers, RNAsin, MMLV enzyme and 100 bp DNA ladder were
purchased from Promega ® (Southampton, UK) . Biomix red taq polymerase was
obtained from Bioline (London, UK). The TG2 inhibitors Z -DON (Z-ZON-Val-Pro-Leu-
OMe) and R283 along with purified standard guinea -pig liver TG2 were obtained from
Zedira GmbH (Darmstadt, Germany). Biotin -TVQQEL was purchased from Pepceuticals
(Enderby, UK). DAPI was from Vector Laboratories Inc (Peterborough, UK). C oomassie
blue (Instant  Blue ™ stain) was purc hased from Expedeon (Swavesey, UK). Biotin
cadaverine (N -(5-Aminopentyl) biotinamide) and biotin -X-cadaverine (5 -([(N -
(Biotinoyl)amino)hexanoyllamino)pentylamine) were purchased from Invitrogen UK
(Loughborough, UK) . DMEM (Dul beccods modi fi ed Eagl eds
serum, trypsin (10X), L  -glutamine (200mM), penicillin (10,000 U/ml)/streptomycin

(10,000 pg/ml ) were purchased from Lonza, (Castleford, UK). All other reagents were

purchased from Sigma 1 Aldrich Co. Ltd. (Gillingham, UK) and were of analytical grade.
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Table 2.1. Primary a ntibodies employed in this study.
Working Working
. . Catalogue dilution dilution
Antigen ATBER} number LI (Western (Immunofluo
Blot) rescence)
phospho -specific JNK Rabbit New
(Thr 8 Tyr 18) 9251 England 1:500 N/A
monoclonal .
Biolabs, UK
Total unphosphorylated New
JINK Rabbit polyclonal 9252 England 1:500 N/A
Biolabs, UK
phospho -specific PKB New
(Ser ™) Rabbit polyclonal 9271 England 1:500 N/A
Biolabs, UK
Total unphosphorylated New
PKB Rabbit polyclonal 9272 England 1:500 N/A
Biolabs, UK
phospho -specific M .
202 204 ouse Sigma - .
ERK1/2 (Thr #2/Tyr %) monoclonal M8159 Aldrich, UK 1:1000 N/A
Total unphosphorylated Mouse New
ERK1/2 monoclonal 9107 England 1:1000 N/A
Biolabs, UK
phospho -specific p38 Rabbit New
MAPK (Thr & /Tyr 82) 9216 England 1:500 N/A
monoclonal .
Biolabs, UK
Total unphosphorylated New
p38 MAPK Rabbit polyclonal 9212 England 1:500 N/A
Biolabs, UK
Cleaved caspase -3 Rabbit New
(Asp *™®) monaclonal 9661 England 1:200 N/A
Biolabs, UK
. Mouse Therr_np
anti -TG2 (CUB 7402) MA5-12739 Scientific, 1:1000 1:1000
monoclonal UK
. . ) ab9332
anti -phosphoserine Rabbit polyclonal Abcam, UK 1:1000 N/A
anti -phosphothreonine it olyclonal ab9337 Abcam, UK 1:1000 N/A
Zedira
anti -TG1 Rabbit polyclonal A018 GmbH, 1:1000 1:1000
Germany
Zedira
anti -TG3 Rabbit polyclonal A015 GmbH, 1:1000 1:1000
Germany
. New
GAPDH moﬁg‘g%';al 2118 England 1:1000 N/A
Biolabs, UK
. New
Hexokinase -1 Rabbit 2024 England 1:1000 N/A
monoclonal .
Biolabs, UK
. New
VDAC-1 Rabbit 4661 England 1:1000 N/A
monoclonal .
Biolabs, UK

It should be noted that the anti

theyodre di

rected

-phosphoserine and anti

t owar ds

al |

- phosphothreonine are sold as

phosphopr othegmight .

not do so due to the protein conformation resulting in epitope not being exposed and

also there could be a loss in epitope due to harsh reducing conditions of SDS and

Laemmli.
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Table 2.2. Secondary a ntibodies employed in this study.

Secondary Catalogue Working dilution bitertdng ellitizn
. Company (EXEm -
antibody number (Western Blot)
Immunofluorescence)
Horse anti -mouse
. 7076 New England .
19G, HRP -linked Biolabs, UK 1:1000 N/A
Goat anti -rabbit New England
19G, HRP -linked 7074 Biolabs, UK 1:1000 N/A
FITC conjugated
goat anti -rabbit .
196G, H&L ab6717 Abcam, UK N/A 1:1000 (493/528nm)
FITC conjugated
goat anti -mouse .
IgG, H&L ab6785 Abcam, UK N/A 1:1000 (493/528nm)
2.2 Cell culture.
Rat embryonic cardiomyoblast  -derived H9c2 cells  (European Collection of Animal Cell
Cultures, Salisbury, UK) were cultured in 75 cm flasks in Dulbeccobds

Medium (DMEM) supplemented with 10% (v/v) foetal bovine serum, 2 mM L -
glutamine and 100 U/ml penicillin/streptomycin for the duration of this project. Cells
were maintained in a humidified incubator (95% air / 5% CO 2, 37°C) and grown up to
70-80% confluency as observed by light microscopy . Beyond 80% confluency, cells
start to differentiate and hence change their morphology. Typically, H 9c2 cells were
sub - cultured with a 1:10 split using trypsin (0.05% w/v)/EDTA (0.02% w/v). Cells for

MTT, LDH and functional receptor expression assays were grown in 24 well plates

and/or 96 well plates ( Sarstedt; N Umbrecht, Germany).
(i) Differentiation of H9c2 cells:

H9c2 cells were differentiated by culturing the cells for 7 days in the continued
presence of 10nM all-trans r et i noi ¢ acid in Dulbeccods Modi
supplemented with 1 % (v/v) foetal bovine serum. The differentiation medium was
replaced every 48 h a nd to confirm differentiation. T he cells were observed under the
microscope to form cardiomyocyte -like phenotype by the formation of mu Itinucleated

elongated myotubes  as described by Daubney et al, 2015.
2.3 Tissuet ransglutaminase activity assays.

(i) Preparation of cell lysates for tissue transglutaminase activity assays:

H9c2 cells were grown in T75 cm 2 tissue culture flasks. Following the treatments, cells
were washed twice with ice cold PBS and then
mM Tris -HCI pH 8.0, 0.5% (w/v) sodium deoxycholate, 0.1% (v/v) protease inhibitor

cocktail and 1% (v/v) phosphata se inhibitor cocktail 2 and 3). The cells were

incubated in the lysis buffer on ice for 30 min, scraped and clarified by centrifugation
46
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at 4°C for 10 min at 14000xg. The supernatant was collected and stored at -80°C until

use.

(ii) Amine incorporating assa  y:

The amine incorporating activity of TG2 was measured via biotin -cadaverine
i ncorpor at i o ndimetmylcaseinNs deddribed by Slaughter et al., (1992 ) with
modifications of Lilley et al., (1998 ). 96 -well microtitre plates were coated overnight

at 4UC with 250 -tihethgchseiN(l0 Nmg/ml in 100mM Tris  -HCI, pH 8.0).
After incubation, plates were washed twice with
of 3% (w/v) BSAin 100 mM Tris -HCI, pH 8.0 and incubated at room temperature for 1

h with gentle agitation. The plate was then washed twice with distilled water and 150

T of either 6.67 mM calcium chloride (required
(added to identfy background activity) cont¢adavenneangl2nM25 1T M
2-mercaptoethanol was added in the respective wells. The reaction was started by the
addition of either 50 1dr positvengohtrels 50ng/welh af guaneai v e

pig liver TG2 was used as a positive control and 100 mM Tris -HCI, pH 8.0 was used as

a negative control. The plates were incubated at 37°C for 1 h. After incubation, the

pl ates were washed twice with distill eHCl pHa80er an
containing 1% BSA a nd 1:5000 dilution of ExtrAvidin ®_peroxidase conjugate was

added to each well. The plates were then incubated at 37°C for 45 min and washed as

before. The reaction was developed by treparedaddi t
devel oping bugfnilé B, (3Fa, 5-teFamettlbenzidine (TMB) and 0.0005%

(v/v) hydrogen peroxide in 100 mM sodium acetate, pH 6.0) and incubated at room
temperature for 15 min. The development of <col ou
M sulphuric acid and the absorbance read at 450 nm using a standard 96 -well plate

reader. Each experiment was performed in triplicate and the results are expressed as

specific activity of TG2 in units. One unit of TG2 was defined as a change in

absorbance at 450nm/1 h. The order of drug treatment s on the layout of the plate was

randomised to avoid experimental design bias.

(ii i) Peptide crosslinking assay:

The crosslinking activity of TG2 was measured via biotin -TVQQEL peptide
incorporation into casein as described by Trigwell et al., 2004 with minor modifications.
9% -wel | mi crotitre plates were coated overmg/mht at

in 100mM Tris -HCI, pH 8.0). After incubation, plates were washed twice with distilled

water and blocked with 250 100 mdf Tri3RC|, piv8.& 3nd BS A |
incubated at room temperature for 1 h with gentle agitation. The plate was then

washed t wi ce with distilled water and 150 11 of e
(required for enzyme activity) or 13.3 mM EDTA (added to detect background activit y)
containing 5TVQQEL lpaptdé and 2 mM 2 -mercaptoethanol was added in
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the respective well s. The reaction was started
negative and positive controls. 50 ng/well of guinea pig liver TG2 was used as a

positive co ntrol and 100 mM Tris -HCI, pH 8.0 was used as a negative control. The

plates were incubated at 37°C for 1 h. After incubation, the plates were washed twice

with distilled water and-HZQPH 8i0lcontaifing 199 BSArd Tr i s
1:5000 dilution of ExtrAvidin® -peroxidase conjugate was added to each well. The

plates were then incubated at 37°C for 45 min and washed as before. The reaction

was developed by the addition of 200 11 of fres

ug/ mli 3, -eframettyylp ebzidine (TMB) and 0.0005% (v/v) hydrogen peroxide

in 100 mM sodium acetate, pH 6.0) and incubating at room temperature for 15 min.

The devel opment of colour was terminated wusing
absorbance read at 450 nm using a stand ard 96 -well plate reader. Each experiment

was performed in triplicate and the results are expressed as specific activity of TG2 in

units. One unit of TG2 was defined as a change in absorbance at 450nm/1 h. The
order of drug treatments on the layout of the plate was randomised to avoid

experimental design bias.

iv) Visualisation of in -situ TG2 transamidating activity via ExtrAvidin ® FITC and
(iv) g y

confocal microscopy:

H9c2 cells were seeded into 8  -well chamber slides (15000 cells/well) and cultured for

24 h in fully supplemented DMEM. The next day, cells were exposed to fresh fully
supplemented DMEM containing 1 mM biotin -X-cadaverine and incubated for 6 h

(Perry et al., 1995). Following incubation, cells were treated as described in Figure

legends. After treat ment(s), cells were washed three times  (five min per wash) with
PBS. 200 711 of 3.7% (w/v) paraformal dehyde in
incubated at room temperature for 15 min in order to fix cells. The cells were washed

twice (five min per wash) w ith PBS. 200 711 of -B10Q i%% PBSwAsY ) Tr
added into each well and incubated at room temperature for 15 min in order to
permeabilise the cells. The cells were washed again as described previously and

blocked with 3% (w/v) BSA in PBS for 1 h at r oom temperature. Transglutaminase
mediated transamidating activity was detected by FITC -conjugated ExtrAvidin  ©® (1:200
v/v) in blocking buffer. The slides were incubated overnight at 4°C. The next day, cells

were wash ed as before and nuclei counter -stained using DAPI in Vectorshield
mounting medium. The slides were sealed with coverslips and secured with nail

varnish and stored at ~ 4°C until required. Images were acquired using Leica TCS SP5 I
confocal microscope (Leica Microsystems, GmbH, Manheim, G ermany) equipped with a
20x air objective. Optical sections were typically 1 1 2 um and the highest fluorescence
intensity was acquired using either forskolin (10 uM) or CPA (100 nM) as a positive

control. Using the look  -up table overlay option, saturation w as observed and avoided

by setting the gain accordingly. The output laser power, acquisition mode, pinhole
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diameter, detector gain and amplifier offset were standardised for all samples

analysed. Images were acquired using a sequential scan to avoid cross -excitation of
fluorochromes and to distinguish between extracellular, cell surface and intracellular

TG2. The images were analysed and quantified using Leica LAS AF software from
minimum of five fields of view per treatment. Each experiment had a negative control
(no application of FITC) and the FITC fluorescence intensity values of the negative

control (i.e. background) were subtracted from the FITC fluorescence intensity values
of each treatment in that experiment. Following this, t he value obtained for e ach
treatment was divided by the  fluorescence intensity of DAPI for that treatment in that
experiment to get fluorescence per nuclei. This normalised FITC fluorescence intensity

®

per nuclei values were plotted and further analysed using GraphPad Prism software

(GraphPad Software, Inc., USA).

2.4 Expression of GPCRs and TGs in H9c2 cells.
(i) RT -PCR for GPCR expression:

(a) cDNA synthesis:

Total RNA was isolated from mitotic and differentiated H9c2 cells, rat heart, rat lung,

rat brain and rat eye using a GenElute ® total RNA isolation kit (Sigma -Aldrich Co. Ltd,
Gillingham, UK) according to t he manufacture
complementary DNA (cDNA) was synthesized using 10 ul of 5X MMLV buffer, 10 pl of

10 mM dNTPs, 1 pl of random primers, 1 ul of RNAsin, 1 pl of MMLV enzyme and 27 pl

of 2 ug mRN A (Promega ®, Southampton, UK)

After gentle mixing of the reagents, each sample was subjected to 42°C for 90 min.
Following this incubation, residual RNA was preserved in 0.1 vol of 3M sodium acetate

and 2. 5 vol of 100% ethanol. Samples were then gently m ixed and stored at -20°C.

(b) PCR:

PCR was performed using gene -specific primer sequences (Eurofins Genomics,
Wolverhampton, UK)  for adenosine receptors and beta adrenoceptors as well as the

housekeeping gene GAPDH. The primers used are shown in Table 2.3.
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Table 2. 3. Primer sequences designed along with melting temperature and product

sizes.
Receptor Primer Sequence T Product size
Adenosine A ; Receptor o0y GCTCCATTCTGGCTCTGCT — 60°C 207
Reverse CACTGCCGTTGGCTCTCC 60°C
Adenosine A 2 Receptor o TTCGCTATCACCATCAGCAC  60°C 249
Reverse GTTCCAGCCCAGCATGGG 60°C
Adenosine A 25 Receptor ooy TTCGCCATCCCCTTTGCCA  60°C 250
Reverse GGAAAGGAGTCAGTCCAATG 60°C
Adenosine A 5 Receptor a1y CCACGCTTCCATCATGTCC — 60°C 237
Reverse CCGACCACGGAACGGAAG  60°C
a, adrenoceptor Forward TACTCCTGGCGCTCATCGT  60°C 599
Reverse CTCGCAGCTGTCGATCTTC  60°C
a, adrenoceptor Forward AGCCACACGGGAATGACAG 60°C 323
Reverse CCAGAACTCGCACCAGAA 60°C
as adrenoceptor Forward AGTCCTGGTGTGGATCGTG 60°C 724
Reverse  ACGCTCACCTTCATAGCCAT 60°C
GAPDH Forward CAAGTTCAACGGCACAGTCA 60°C 392
Reverse = GAGTGGCAGTGATGGCATG 60°C

Eight thin -walled PCR tubes were prepared consisting of 1 ul forward primer, 1 pl

reverse primer, 1 pl cDNA, 12.5 pl Biomix

red tag polymerase (Bioline, London, UK)

and 9.5 ul D EPC water. The PCR conditions for the adenosine receptors, beta

adrenoceptor and GAPDH were 40 cycles of 94 °C for 1 min, 59 °C for 1.5 min, and 72

for 1 min. Samples were held at 4°C. Negative controls were per

identical protocol  but lacking the cDNA template.
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(c) Agarose gel electrophoresis:

1.5% (w/v) agarose gels were cast in Tris -acetate -EDTA (TAE) buffer (40mM Tris,
20mM acetic acid, 1ImM EDTA) supplemented with 0.5 pug/ml of ethidium bromide. 5ul
of 100 bp DNA ladder (  Promega ®, Southampton, UK)  and 25 pl of PCR product were
loaded on the gel. Gels were run at 100 V for 30 min. DNA was visualised under UV

illumination and images were captured by U:Genius3 (Syngene, Cambridge, UK).
(ii) Immunof luorescence for TG expression:

H9c2 cells were seeded into 8  -well chamber slides (15,000 cells/well) and cultured for

24 h in fully supplemented DMEM. The next day, medium was removed and cells were

washed twice (five min per was hWv)paratormaldet/@&.in 200 1T |
PBS was added into each well and incubated at room temperature for 15 min in order

to fix cells. The cells were washed threetimes (fi ve min per wash) with
0.1% (v/iv) Triton -X100 in PBS was added into each well and incubated at room
temperature for 15 min in order to permeabilise the cells. The cells were then again

washed as described above and blocked with 3% (w/v) BSA in PBS for 1 h at room

temperature. The slides were incubated overnight at 4°C in blocking buffe r with one of

the following primary antibodies (1:1000 unless otherwise stated) : TG1 ( A018), TG2

(CUB 7402) and TG3 ( A015). After incubation, the primary antibody was removed and

the slides washed three times (five min per wash) with PBS. Slides were then

incubated with appropriate secondary antibody ( FITC conjugated goat anti  -rabbit/

anti -mouse antibody;  1:1000) in blocking buffer for 2 h at room temperature. After

incubation with secondary antibody, the slid es were washed three times (five min per

wash) with PBS and the nuclei counter stained using DAPI in Vectorshield ®

mounting
medium. The sli des were sealed with coverslips, secured with nail varnish and stored

at 4°C until required. Images were acquired usi ng Leica TCS SP5 Il confocal
microscope (Leica Microsystems, GmbH, Manheim, Germany) and the images were

analysed and quantified, as described above.

2.5 Functional Ex pression of GPCRs in H9c2 cells.
(i) CAMP accumulation assay:

H9c2 cells ( 5000 cells/ well) were seeded in a white 96 well microtitre plate , with clear -
bottomed wells (Fisher Scientific, Loughborough, UK) and cultured for 24 h in fully
supplemented DMEM. The medium was removed and the monolayer treated with

agonists for 20 min in serum -free DMEM (40 pl/  well) in the presence of 1 M MgCl » and
500 puM 3 -isobutyl -1-methylxanthine (IBMX ; phosphodiesterase inhibitor ). Where
appropriate, cells were pre  -treated with antagonists for 30 min in similar media.
Following stimulation, cAMP levels within ce lIs were determined using the cAMP -Gl o E

Max Assay kit (Promega ©, Southampton, UK). Briefly, following antagonist/agonist
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incubation, 10 pl of cAMP detection solution was added to all wells and incubated for

20 min at room temperature while gently shaking. After incubation, Kinase -Glo®
reagent (50 pl/well) was added and incubated for 10 min at room temperature under

shaking conditions, following which luminescence levels across the plate were read
using a plate -reading FLUOstar Optima luminometer (BMG Labtec h Ltd, Aylesbury,
UK). Forskolin 10 uM was used as a positive control and the luminescence values were

converted to cAMP levels using a cAMP standard curve (0 -100 nM), according to

manufacturer6s instructions.
(i) Measurement of intracellular calcium:

H9c2 cells were seeded in 2 4-well flat -bottomed plates (15,000 cells/well) and

cultured for 24 h in fully supplemented DMEM. Cells were loaded with Fluo -8 AM (5 T M
307 40 min) before mounting on the stage of a Leica TCS SP5 Il confocal microscope

(Leica Micr osystems, GmbH, Manheim, Germany) equipped with a 20x air objective.

Cells were incubated at 37°C using a temperature controller and micro incubator (The

Cube, Life Imaging Services, Basel, Switzerland) in the presence of imaging buffer

(134 mM NacCl, 6 mM KCl, 1.3 mM CaCl ,, 1 mM MgCl ,, 10 mM HEPES, and 10 mM

glucose; pH 7.4). Using an excitation wavelength of 490 nm, emissions over 514 nm

were collected. Images were collected every 1.7 s for 10 min. Increases in intracellular

Ca®* were defined as F/IF , where F was the fluorescence at any given time, and F o was

the initial basal level of fluorescence.
2.6 SDS -PAGE and Western blot analysis.

(i) Preparation of cell lysates for western blotting:

H9c2 cells were grown in T25 tissue culture flasks. Following treatments, cells were
washed twice with PBS (room temperature) and sul
buffer (0.1% SDS in Tris buffered saline). The cells were immediately scraped and

collected in 1.5 ml EppendorfE tubesesawerdstobedi | ed

at -20°C until use.
(ii) BCA protein assay:

The protein content of samples was assessed using the commercially available kit from

Sigma -Aldrich based on the bicinchoninic acid (BCA) protocol (Smith et al, 1985) using

dilutions of bovine serum albumin (BSA) as standard. Protein standards were prepared

using dilutions of 1 mg/ml BSA to produce a linear standard curve as shown in table

2.4.20 11 of standards and sampl es wbettomed platedie d t o
triplicate . 200 T | of working BCA reagent (50 parts of re
was added to each of the wells and the plate incubated at 37°C for 30 min.

Absorbance was read at 570 nm using a standard 96 -well plate reader. Protein content
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of samples was obtained by measuring them against the standard curv e. The order of
drug treatments on the layout of the plate was randomised to avoid experimental

design bias.

Table 2 .4. BSA standard curve

Protein concentration (mg/ml) 1 mg/ml BSA (ul) Distilled water (ul)
0 0 20
0.2 4 16
04 8 12
0.6 12 8
0.8 16 4
1 20 0

(iif) SDS -PAGE (Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis):

Once the protein concentration of the samples was estimated, the desired amount of

protein was dissolved in a 3:1 ratio with 4x reducing Laemmli buffer (125mM Tris -HClI,

pH 6.8, 20% (v/v) glycerol, 4% (v/v) SDS, 10% (v/v) 2 -a-mercaptoethanol and

0.004% bromophenol blue) (Laemmli et al., 1970) and boiled for 10 min at 95°C to

denature. The gels were prepared according to manufacturerdéds instru
1.5 mm thickness 10% acrylamide gel (8.0 ml deionised water, 6.6 ml ProtoGel ®

acrylamide mix (30 % acrylamide solution 37.5:1 ratio, Geneflow Ltd, Staffordshire,

UK), 50 ml 1.5 M Tris -HCI pH 8. 8, 200 11 uidh%l0% &) seduin
dodecyl sul phate in deionised water), 200 711 AP
persul phate in deionised water), 2tBe Bid-Radlr EiME D) W
Protean Il system. Once the resolving gel was poured to about 75% of the g lass

plates, water was added to ensure level polymerisation of the gel. Once the resolving

gel had polymerised, water was removed and the stacking gel was poured (12.3 ml

deionised water, 2.5 ml ProtoGel acrylamide mix, 5.0 ml 1.0 M Tris -HCI pH 6.8, 200

Tl 10% SDS solution (10% (w/v) sodium dodecyl sul

®

APS solution (10% (w/v) ammonium persul phate in
Immediately once the stacking gel was poured, a plastic comb was placed to form

wells. Followi ng polymerisation, the gels were placed in the electrophoretic tank and

filled with electrophoresis buffer (25mM Tris, 192mM Glycine and 0.1 % (w/v) SDS, pH

8.5). The protein samples (20 -50 pg/well; depending on target protein) were loaded

al ong wi tflprot&in ladder. Blectrophoresis was conducted at 120 V through the

stacking gel and then at 160 V through the resolving gel.

(iv) Coomassie staining of gels:

Following electrophoresis, the gel was washed twice with distilled water and 20 ml of

Instant Blue stain (Expedeon, Cambridge, UK) was added. The gel was incubated for 1
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h at room temperature with gentle agitation. After incubation, the gel was washed
three times (ten min per wash)  with distilled water. Subsequently, the gel was
visualised and imag es were captured by  LAS 4000 system (GE healthcare life sciences,

Buckinghamshire, UK)

(V) Western blotting:

After electrophoresis, the proteins were transferred to nitrocellulose membranes using

Bio-Rad Trans -blot system according to previously establish ed protocols (Towbin et al.,
1979). Briefly sponges, filter paper, nitrocellulose membrane and electrophoresed gels

were soaked in ice -cold transfer buffer (25mM Tris, 192mM glycine, pH 8.3 and 20%

(v/v) methanol). The western blot sandwich was prepared in the following manner:
sponge, filter paper, nitrocellulose membrane, gel, filter paper, sponge. A roller was

used to remove any air bubbles trapped in the sandwich. The layers were clamped

together and placed in a western blotting cassette and then into t he tank along with a
cooling block. The tank was filled with ice -cold transfer buffer and the transfer was
performed at 180 mA for 75 min. Following transfer, = membranes were stained with
Ponceau S stain to visualise the protein bands. Once stained the prot ein bands were
cut above the predicted molecular weight . Initially, full length blots were used to check

if there was any non -specific binding of the antibody. However, since no non -specific
binding was observed, the blots were cut to reduce antibody consumption . The
membrane strips were destained using Tris -buffered saline Tween -20 (TBST; 0.1 %
(viv) Tween -20 in 25mM Tris, 150mM NacCl). After destaining, the membrane was
blocke d with 5% (w/v) skimmed milk powder in TBST for 1 h at room temperature

with gentle agitation. The blots were then incubated overnight with gentle agitation at

4°C in blocking buffer with one of the following primary antibodies (1:1000 unless
otherwise sta ted): Phospho -specific ERK1/2, phospho -specific JNK (1:500), phospho -
specific p38 MAPK (1:500) , phospho -specific PKB (1:500), cleaved active caspase -3
(1:200), GAPDH, TG1, TG2, TG3, anti -phosphoserine , anti - phosphothreonine
hexokinase -1, VDAC -1. After in cubation, the primary antibody was removed and the
membrane washed three times for 5 min each with TBST. Blots were then incubated

with appropriate secondary antibody (1:1000) conjugated to horseradish peroxidase
(New England Biolabs (UK) Ltd) in blocking buffer for 2 h at room temperature with
gentle agitation. After incubation with secondary antibody, the blots were washed

three times for 5 min each with TBST and developed using the Enhanced
Chemiluminescence (ECL) detection system. Digital images of the blots were captured
by the LAS 4000 system and the bands were quantified by densitometry using
Advanced Image Data Analysis software (AIDA). Samples were also analysed using
primary antibodies that recognise total ERK1/2, PKB, p38 MAPK and JNK (1:1000) in

order to confirm the uniformity of protein loading.
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2.7 Immunoprecipitation analysis of TG2 phosphorylation

H9c2 cells were grown in T175 tissue culture flasks. Following treatments, cells were

washed twice with ice cold PBS. The cells were then scraped, collected in 5 ml of PBS

and subjected to centrifugation at 300xg (1000 rpm) at room temperature for 5 min.

The supernatant was discarded and cell pell et re
buffer (2 mM EDTA, 1.5 mM MgCl  ,, 10% (v/v) glycerol,  0.5% (v/v) IGEPAL, 0.1% (V/v)

protease inhibitor cocktail (AEBSF T[4 -(2-Aminoethyl)benzenesulfonyl fluoride
hydrochloride ], Aprotinin, Bestatin hydrochloride , E-64 i [N-(trans -Epoxysuccinyl) -L-

leucine 4 -guanidinobutylamide] , Leupeptin hemisulfate salt, Pe pstatin A), and 1% (v/v)
phosphatase inhibitor cocktail 2 (sodium orthovanadate, sodium molybdate, sodium

tartrate and imidiazole) and 3 (Cantharidin, ( T)-p-Bromolevamisole oxalate, Calyculin

A) in PBS). The cells were incubated with lysis buffer for 30 mi n and then clarified by
centrifugation at 4°C for 10 min at 14000xg. The supernatant was collected and

fol lowing protein estimation, 500 p g of protein was incubated overnight at 4°C with 2

1 g of -Té&hmanoclonal antibody (CUB 7402) or IgG. Immune comple Xes were
precipitated using PierceE -@® &its ¢ Thermo M& gemtdid, i c I
Loughborough, UK). The eluted proteins were resolved by 10% SDS -PAGE and
western blotting, and then probed using anti -phosphoserine or anti  -phosphothreonine

anti bodies (1 :1000). The blots were developed using the Enhanced
Chemiluminescence (ECL) detection system and quantified by densitometry, as

described above.

2.8 GPCR -mediated protection against hypoxia - and hypoxia/r eoxygenation -
induced cell death.

(i) Simulation of  ischaemia and/or ischaemia/reperfusion injury:

Ischaemia was simulated by means of hypoxia while ischaemia/reperfusion injury was
simulated by hypoxia/  reoxygenation. Hypoxia was induced by means of Panasonic ®
0,/CO, incubator. 80% confluent H9c2 cells were placed in glucose - and serum -free
DMEM and exposed to 8 h (except for time course experiments) hypoxia using a

hypoxic incubator (5% CO  ,/1% O ,; 37°C) inwhich O , was replaced with N, . Normoxic
incubation of simila r passage numbers  were used as controls. Where pharmacological

pre - or post -conditioning was needed, cells were incubated with GPCR agonists in 200

T | 96 ¢well microtitre plates ), 500 pl ( 24 -well microtitre plates) or 5 ml (T25 tissue
culture flasks) serum  -free DMEM for 10 min (for A ; adenosine receptor)  or 20 min (for
a, adrenoceptor); this medium was then discarded and replaced with glucose - and
serum -free DMEM for the hypoxic/normoxic incubation. Where appropriate, cells were

also treated with GPCR antag  onist s for 30 min or TG2 inhibitors for 60 min prior to the

addition of agonist.
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For hypoxia/reoxygenation experiments, cells were exposed to hypoxia for 8
h in DMEM containing glucose and 1%

described above, and then reoxygenated for 18

prior to hypoxia,

serum. Preconditioning

the start of reoxygenation

(A) Hypoxia

A; AR/B; AR
+ antagonist

A; AR/B; AR
+TG2 inhibitors

was performed

, treatment protocol as before (

h as

Postconditioning occurred at

see Figure 2.1 for summary

).

Antagonist Agonist Antagonist &
added added agonist removed
30 min 10/ 20 min 8 h hypoxia
TG2 inhibitors Agonist  TG2 inhibitors &
added added agonist removed
60 min 10/ 20 min 8 h hypoxia
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(B) Hypoxia/reoxygentaion
preconditioning

Antagonist Agonist Antagonist &
added added agonist removed
flaﬁtR;gBérﬁEt 30 min 10/ 20 min 8 h hypoxia 18 h reoxygenation
TG2 inhibitors Agonist  TG2 inhibitors &
added added agonist removed
A, AR/B, AR . . : -
1TG2 inhibitors 60 min 10/ 20 min 8 h hypoxia 18 h reoxygenation

57




(C) Hypoxia/reoxygentaion
postconditioning

Antagonist

added

|

Agonist Antagonist &
added agonist removed

| |

A1 AR/B, AR 8 h hypoxia 30 min 10/ 20 min 18 h reoxygenation
+ antagonist in total
TG2 inhibitors Agonist  TG2 inhibitors &
added added  agonist removed
A; AR/B, AR : : : 18 h reoxygenation
+TG2 inhibitors £ lmpets 60 min 10/ 20 min in total

Fig 2.1 Protocol for hypoxia and hypoxia/reoxygenation experiments. Time
experimental condition.
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(i) MTT reduction assay:

H9c2 cells were seeded in 24 -well flat -bottomed plates (15,000 cells/well) and

culturedfor 24 h in fully suppl emented DMEM. Il ncubatic
of the relevant media and an hour prior to completion of periods of hypoxia or

hypoxia/reoxyge nation, 0.5 mg/ml of MTT (3 -(4,5 -dimethylthiazol -2-yl)-2,5-
diphenyltetrazolium bromide) in the relevant media was added to each well. After

completion of this final hour, the medium was aspirated carefully not disturbing the

blue insoluble formazan crystal s at the bottom of the well. 500
to each welll and gently agitated to solubilise
resulting solution was transferred to 96 -well flat -bottomed plates and the absorbance

read at 570 nm using a standard p late reader. Results  are expressed as percentage of

basal MTT reduction and represent the mean ° S.E.M. from four independent
experiments, each performed in quadruplicate. The order of drug treatments on the

layout of the plate was randomised to avoid experimental design bias.

(iii) LDH release assay:

H9c2 cells were seeded in 96  -well flat -bottomed plates (5000 cells/well) and cultured

for 24 h in fully supplemented DMEM. Il ncubations were performed i
relevant media and the cell death measured using the colorimetric CytoTox 96 ® non-
radioactive cytotoxicity assay kit (Promega ®  Southampton, UK). This kit measures

lactate dehydrogenase (LDH) leakage from the cel | membrane, thereby providing an

indirect method of measuring cell toxicity. There are two reactions involved. Firstly ,

+

the LDH released from the cells catalyses lactate and NAD to form pyruvate and

NADH. The second reaction is catalysed by the dehydrogen ase enzyme diaphorase
(present in substrate mix provided in the kit) which involves formation of NAD+ and

red formazan product which is then measured colorimetrically

Lactate Pyruvate

0 0\\ e}
Lactate dehydrogenase .

I
HO- Cl
LH} / \
diaphorase N~y

NO,

Formazan Iodonitrotetrazolium

Fig 2.2 Reactions involved in detection of cell viability using LDH release ass ay.
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Once incubations were finished, the plates were centrifuged at 300xg for 5 min to

sedi ment any <cell debris. 50 71 of the susgalenat ar
96-wellflat -bott omed plates and 50 711 of reconstibhuted
(10 ml of assay buffer in one bottle of substrate provided in the kit) was added to

each well. The assay plate was wrapped in foil and incubated for 30 min at room
temperature with gentle agitation. The reaction
stop s olution (1 M acetic acid, provided in the kit) to each well and the absorbance

read at 490 nm using a standard plate reader. Results are expressed as percentage of

basal LDH release and represent the mean ° S.E.M. from four independent
experiments, each pe rformed in sextuplicate. The order of drug treatments on the

layout of the plate was randomised to avoid experimental design bias.

(iv) Caspase -3 activation:

H9c2 cells were cultured in T25 tissue culture flasks, until 80% confluent, in fully
supplemented DMEM. Where appropriate, treatments were perfor med in 5 ml of
respective media.  This was replaced with 5 ml glucose - and serum -free DMEM for the

8 h incubation under hypoxic conditions and/or DMEM containing glucose and 1%
serum during reoxygenation . Follo wing incubations, cells were lysed and subjected to

western blotting as described above to detect cleaved caspase -3.

2.9 Proteomic analysis of TG2 biotin - X-cadaverine labelled substrates.

(i) CaptAvidin ™-agarose sedimentation based affinity purification:

Cellular proteins acting as substrates for endogenous TG2 -catalysed polyamine
incorporation reactions were investigated as described by Singh et al., (1995 ). Briefly,

H9c2 cells were grown in T175 tissue culture flasks and cultured until 80% confluent

in fully supplemented DMEM. Cells were then exposed to fresh fully supplemented

DMEM containing 1 mM biotin  -x-cadaverine and incubated for 6 h (Perry et al., 1995).

Following incubation, cells were treated as described in Figure legends. Following

treatments, cel |l s were washed twice with ice cold PBS
buffer (50 mM Tris -HCI pH 8.0, 0.5% (w/v) sodium deoxycholate, 0.1% (v/v) protease

inhibitor cocktail and 1% (v/v) phosphatise inhibitor cocktail 2 and 3). The cells were

incubated in the lysis buffer on ice for 30 min, scraped and clarified by centrifugation

at 4°C for 10 min at 14000xg. The supernatant was collected and following protein

estimation, 500 ug of protein was incubated overnight at 4°C along with 500 pl of

biotin bindin g buffer (50 mM citrate phosphate buffer pH 4 .0) and 200 pl of
CaptAvidin ™-agarose sedimentation beads (Life Technologies, UK). The next day,

protein substrates were eluted according to the manufacturer s prot oc
el utionds S U b-1584c grax dient t SOS T4PAGE. The separated proteins were

stained with Coomassie blue and visualised using LAS 4000 system. The bands were
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quantified by densitometry using Advanced Image Data Analysis software (AIDA) as

described previously
(i) Mass spectrometry:

Following pr e-treatment with 1 mM biotin - X-cadaverine, H9c2 cells were treated with

A; adenosine r e c e pt oJadrenoceptor agonists and lysed as described above. The
proteins labelled with biotin -X-cadaverine were enriched using CaptAvidin ™_agarose
and these biotin -X-cadaverine labelled proteins were processed for trypsin digestion
(Trypsin, proteomics grade; Sigma -Aldrich, UK ). For trypsin digestion: samples (~50

Kg protein) were reduced and alkylated (1 pl 0.5 M DTT, 56°C for 20 min; 2.7 ul 0.55

M iodo acetamide, room temperature 15 min in the dark), dried in a vacuum
concentrator (Eppendorf, UK) and re -suspended in 100 pl 50 mM tri -ethyl ammonium
bicarbonate (TEAB). Sigma Trypsin (2 pg) was added in 2 pl of 1 mM HCI, and
incubated overnight at 37°C in a thermo mixer. Samples were then evaporated to
dryness in a vacuum concentrator and resuspended in 5% (v/v) acetonitrile/0.1% (v/v)

formic acid (20 ul) and transferred to a HPLC vial for SWATH MS ( Sequential
Windowed Acquisition of all Theoretical fragment ion Mass Spectra) analysis. For the
A; adenosine receptor, samples (3 pl) were directly injected by an autosampler
(Eksigent nano LC 425 LC system) at 5 pl/min onto a YMC Triart -C18 column (25 cm,
3 Om, 300 Om inner di aadrenoceptor ., sam ples (3 [H)everdlinjected
onto an automated trapelute column prior to injecting onto the column. The column

was eluted using a gradient elution (2 T40% mobile phase B over mobile phase A,
followed by wash at 80% mobile phase B and re -equilibration at 5% mob  ile phase B)
over 120 min run time (for spectral library construction using data/information
dependent acquisition DDA/IDA) or 60 min run time for SWATH/DIA (Data
Independent Acquisition) analysis (Huang et al., 2015). Mobile phases consisted of A:

2% (v/v ) acetonitrile, 5% (v/v) DMSO in 0.1% (v/v) formic acid and B: acetonitrile

containing 5% (v/v) DMSO in 0.1% (v/v) formic acid. A spectral library was
constructed using the output from ProteinPilot 5 (SCIEX) combining 4 IDA runs per

group (control and trea ted) and filtered and aligned to spiked in iRT peptides
(Biognosys, Switzerland) using PeakView 2.1 SWATH micro app  (SCIEX). SWATH data
extraction, quantitation and fold change analysis were carried out using SCIEX

OneOmics cloud processing software ( https://basespace.illumina.com/home/index ;

Lambert et al., 2013). Further details on this method are given in chapter VII.
(iii) Bio -informatics analysis of mass spectrometry identified substrates:

Following identification by SWATH MS, TG2  substrates representing
increased/decreased | evels of proteins in eluates from Capt Av i-agaros&€ beads
following stimulation of either the A | adenosine r ec ept or , adrendcepfor were

further analysed using the Database for Annotation, Visualisation and Integrated
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Discovery (DAVID) v6.8 (  https://david.ncifcrf.gov/home.jsp ; Dennis et al, 2003).

Once input of the protein substrates was completed, DEFINE KEGG pathway
annotation results were chosen. The parameters were set to be stringent by ensuring
the p value used was <0.05 and that a minimum of two proteins existed in that
pathway. Fold enrichment values were calculated by the soft ware and used to create a

graphical representation of the pathway.
(iv) Validation of mass spectrometry derived substrates of TG2:

Following pre -treatment with 1 mM biotin - X-cadaverine, H9c2 cells were treated with

Al adenosine receptor or a, adrenoceptor agonists and lysed as described above. The
proteins labelled with biotin - X-cadaverine were enriched using CaptAvidinTM -agarose
and subjected to immunoprecipitation as described previously, using specific primary

antibodies against mass spectrometry -identi fied proteins. Following
immunoprecipitation, western blotting was carried out using with ExtrAvidin® -HRP
(1:5000 dilution) as neither primary antibody nor secondary antibody was used. After

incubation, the blots were washed three times for 5 min each with TBST and
developed using the Enhanced Chemiluminescence (ECL) detection system. Digital

images of the blots were captured by LAS 4000 system and the bands were quantified

by densitometry using Advanced Image Data Analysis software (AIDA) as described

prev iously.

2.10 Statistical analysis

All graphs and statistics (one -way ANOVA foll owed by Dunnett os
testandtwo -way ANOVA f ol | owe d(tobompabewme mean to dteer means)

or Si ddtt 6compare sets of means e.g. normoxia vs hyp oxia or
hypoxia/reoxygenation) multiple comparison test for group comparison) were
performed using GraphPad Prism ® software (GraphPad Software, Inc., USA). Results

represent mean + S.E.M. and p values <0.05 were considered statistically significant.

For all concentration responses, a four - parameter logistic equation was used to fit the

curve which accounts for top, bottom, slope of the curve and EC 50 values. C urve fit s
were performed using GraphPad Prism ® software (GraphPad Software, Inc., USA). The

drug concentrations , particularly antagonist concentrations , were chosen after
calculating the receptor occupancy for each antagonist wusing the Hill -
Langmuir equation. As the afftinity ( K,) of the ligand for that receptor is known from
the literature , the proportion al occupancy (p ») at a given concentration (x ) of the

drug was calculated using the Hill -Langmuir equation:

PA:(X A/KA)/((X A/KA) +(X B/KB) +1) .

For example , the affinity of Isoprenaline at the a,-adrenoceptor is 0.871

a,-adrenoceptor is 0.229 T Mand that of the s el e c t,iadrenoceptor antagonist ICI
oz

mu
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118551 at the a;-adr enoceptor i s 302 ,mitenareptr isalt55 nivh e
(affinity values obtained from Baker, 2005; Baker, 2010). The receptor occupancies in

the prescence of both ligands were calculated as follows :

Proportion occupied (p ) by 100 nM (x ) ICI 118551 (Kp) in the presence of 1 T M(xg)

isoprenaline (K g) for a,-adrenoceptors:

Pa = (X alKa) /(X a/Ka)+ (X 8/Kg)+1).

P, =(100/ 0.55)/((100/ 0.55)+ (1/ 0.229 ) +1).
P,=18 1.8/ (18 1.8 + 4.37 +1).

P, =18 1.8/ 187.17 .

P, = 0.971.

The proportion occupied (p a) can be converted to percentage occupied by multiplying

it by 100.

PA:9 7%

Proportion occupied (p ) by 100 nM (x ,) ICI 118551 (Kp) in the presence of 1 T M(xp)

isoprenaline (K ) for a;-adrenoceptors:

Pa=(X a/Ka) /(X AlKa)+ (X p/Kg)+1).

P, = (100/302) / ((100/302 )+ (1/ 0.871)+1).
P =0.33/(0.33 +1.15 +1).

P, =0.33/ 2.48.

P, =0.133.

The proportion occupied (p A) can be converted to percentage occupied by multiplying
it by 100.

Pa = 13%

All other receptor occupancies were calculated in the same way.
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CHAPTER IlIl  : Functional GPCR and Transglutaminase expression in
H9c2 cells

Prior to investigating the modulation of TG2 activity by GPCRs and its cardioprotective

effects, it is necessary to determine whether TG2 and other TG isoforms along with

the GPCRs intended to target (adenosine r e c e patlrenocsptors) n dare a
functional ly expressed in H9c2 cells. Hence, t his chapter aims to determine the mMRNA
expression and functional expression of -aemcepasvime 1 ec
RT-PCR analysis, cAMP accumulation and calcium imaging. Subsequently, to determine

which TG isofo rms (TG1, TG2 and TG3) are expressed in these cells via western

blotting and confocal microscopy
3.1. Functional expression of adenosine receptors on H9c2 cells.

RT-PCR analysis

Ai, Ao, A and Az adenosine receptor MRNA expression in both mitotic and
differentiated H9c2 cells was determined by RT -PCR analysis. As shown in  figure 3.1,
mMRNA encoding for A ; and A ; adenosine receptors was observed in mitotic H9c2 cells,
whereas only mMRNA for the A ,, adenosine receptor was present in di fferentiated H9c2
cells. Faint expression of the A ; adenosine receptor was observed in differentiated
H9c2 cells. There was no observable expression of the A og adenosine receptor in either
mitotic or differentiated H9c2 cells.

A,R AR AR AR
L 1 2 3 4 1 2 3 4

L 1 2 3 4

900

8003
700>
600=>
500>
400

300
200>
100>

500-»
400
300

GAPDH GAPDH GAPDH GAPDH

Fig. 3.1: Adenosine receptor mRNA expression in H9c2 cells. mRNA isolated from
H9c2 cells was subjected to RT -PCR using intron spanning A1, Ao, A and As
adenosine receptor  gene -specific primers. mMRNA sample isolated from rat brain (A ),
rat eye (A ,5 and A ,z) and rat lung (A 3) were used as positive controls. L: 100 bp DNA
standard; lane 1: no DNA control (DEPC water) ; lane 2: positive control; lane 3:
mitotic H9c2 cell -derived mRNA, lane 4: differentiated H9c2 cell -derived mRNA. mRNA
control using GAPDH primers i s shown in the lower panel. The predicted transcript
sizes for A;, Asa, Aos, Az adenosine receptor and GAPDH are 207, 2049, 250, 237 and
392 bp. The results presented are representative of three independent experiments
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cAMP accumulation

Following mRNA assessment , functional expression of adenosine receptors on H9c2
cells was investigated using a cAMP accumulation assay and calcium imaging. The
selective A 1 adenosine receptor agonist, CPA, revealed substantial inhibition of

forskolin -induced cAMP accumul ation (PECso =9.19 ° 0.16; n=4; figure 3.2) in mitotic

H9c2 <cell s. However, 10 T M CPA r es oflthe imhdbitanef b e gi n
cAMP accumulation observed at lower concentrations suggesting  Gs-coupling. CGS
21680, the selective A ,, adenosine receptor agonist , did not generate any cAMP
accumulation ( figure 3.3 ) suggesting that even though mRNA was detected , this
receptor is not functionally express ed in differentiated H9c2 cells.
B
501
40
E 30 . . {
D_ * ok g
S 20- '3
2 t
10+
0' mw T T T T 1
- (,éé\{_o'\@ 40 9 8 7 6 5
log [CPA (M)] 00((0@ log [CPA (M)]

Fig 3.2 Effect of the selective A | adenosine re ceptor agonist CPA  on cAMP
accumulation in H9c2 cells. Cells were pre -treated with the indicated concentrations of
CPA for 5 min prior to addition ddvelsloDcAMPAMWwereor s k o
determined as described in section 2.5 (i) of chapter Il. Data are presented as levels
of CAMP in nM. The results represent the mean ° S.E.M. of four experiments each
performed in triplicate. *P<0.05, * P<0.01, (A) a polynomial curve fit to illustrate G -
coupling and (B) sigmoidal four -parameter logistic curve fit to determine the EC 5
values.
15-

s e¥assds
\6(’\0\\(\ 41 0 9 8 T -6
Oci\é%‘” log [CGS 21680 (M)]

Fig 3.3: Effect of the selective A ,, adenosine receptor agonist CGS 21680 on cAMP
accumulation in  differentiated H9c2 cells . Cells were pre -treated with the indicated
concentrations of CGS 21680 for 15 min. Levels of cAMP were determined as
described in section 2.5 (i) of chapter Il . Data are presented as levels of CAMP in nM.

The results represent the mean ° S.E.M. of four experiments each performed in
triplicate.
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A; adenosine receptor -mediated Ca “* signalling

Experiments were performed to assess whether the A; adenosine receptor  triggers
intracellular  Ca?* responses in H9c2 cells. CPA (100 nM) triggered intracellular Ca 2
oscillations (figure 3.4A, B) which were dependent on extracellular Ca #* (figure 3.4C).

Furthermore, pertussis toxin ( PTX, 100 ng/ml for 16 h ; figure 3.4D ) and the A
adenosine receptor ant agfiguei3sitE ) Bdke® GPA (-ihduded Ca*

signalling.
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a b c d e f
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Fig 3.4: Effect of the A | adenosine receptor agonist CPA on [Ca 21;in H9c2 cells. (A)
Confocal images of CPA (100 nM) -induced Ca ?* oscillations in the presence of
extracellular Ca 2" (1.3 mM). The panel letters (a i g) correspond to the time points
shown in trace B. (B) The A ; adenosine receptor agonist CPA triggered pronounced

Ca* oscillations in the presence of extracellular Ca 2 (1.3 mM). (C) Oscillations
induced by CPA were absent during experiments performed in nominally Ca * _free
buffer and 0.1 mM EGTA. In these experiments, depletion of intracellular Ca ** stores
with thapsigargin (5 1 M) was still evident  which suggested that the intracellular ca*
stores were still intact . (D) Re sponses to CPA in the presence of extracellular Ca 2
were abolished by the A ; adenosine receptor antagonist DPCPX (1 TM) and (E)
following treatment with PTX (100 ng/ml for 16 h). ATP (10 T M) was added where
indicated as a positive control. Similar results were obta ined in three other
experiments, each of several replicates.

Adenosi ne ( 10 ®iggéred)ntraadldanCa ** responses (figure 3.5A, B) which
were also dependent on  extracellular Ca ** (figure 3.5C). Furthermore, DPCP X ()1
and PTX (100 ng/ml for 16 h; figure 3.5D, E  respectively ) blocked adenosine -induced
Ca®" signalling confirming the role of G, -proteins and the A; adenosine receptor in

adenosine - mediated responses
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Fig 3.5: Effect of adenosine on [Ca  ?*];in H9c2 cells. (A) Confocal images of adenosine
(100 ¥ M)-induced Ca®" responses in the presence of extracellular Ca 2 (1.3 mM). The
panel letters (a 7 @) correspond to the time points shown in trace B. (B) Adenosine

triggered pronounced Ca 2 responses in the presence of extracellular Ca  #* (1.3 mM).
(C) Responses induced by adenosine were absent during experiments performed in
nominally Ca 2'-free buffer and 0.1 mM EGTA. In these experiments, depletion of
intracellular Ca 2 stores with thapsigargin (5 T M) was still evident which suggested
that the intracellular Ca?" stores were still intact . (D) Responses to adenosine in the
presence of extracellular Ca 2 were abolished by the A ; adenosine receptor antagonist
DPCPX (1 T M) and (E) following treatment with PTX (1 00 ng/ml for 16 h). ATP (10 TM)
was added where indicated as a positive control. Similar results were obtained in three

other experiments , each of several replicates

These data suggest that mitotic H9c2 cells functionally express the A , adenosine

receptor s. However , the A ,, adenosine receptor mRNA is encoded but is not

functionally expressed in differentiated H9c2 cells.

3.2. Functional e xadreeoseptoroon HItZ cella.

RT-PCR analysis
a;, .,aand az adrenoceptor s mMRNA expression was determined in mitotic and

differentiated  H9c2 cells by RT -PCR analysis. As shown in figure 3.6, mRNA was

67



detected in mitotic and differentiated H9c2 cel |l s f o-adrenaokteptor subtypese
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Fig 3.6: a-adren oceptor mRNA expression in H9c2 cells. mRNA isolated from mitotic
and differentiated  H9c2 cells was subjected to RT -PCR using intron spanning a;, . and
as-adrenoceptor gene specific primers. mRNA samples isolated from rat heart ( a-
adrenoceptor )andratl un g , @rl as-adrenoceptor ) were used as positive controls. L:
100 bp DNA standard; lane 1: no DNA control; lane 2: positive control; lane 3:
mitotic H9c2 cell -derived mRNA, lane 4: differentiated H9c2 cell -derived mRNA. mMRNA
control using GAPDH primers is shown in the lower panel. The predicted transcript
sizes for a,, ,and as-adrenoceptor and GAPDH are 599, 323, 724 and 392 bp. The

results presented are representative of three independent experiments

cAMP accumulation
Following mMRNA assessment , functional expression of a-adren oceptor subtypes on
mitotic H9c2 cells was investigated using a cAMP accumulation assay. The selective

a,-AR agonist formoterol ( pECso = 8.9 ° 0.1; n=3) stimulated a robust increase in

cAMP (90% of forskolin max response), confirming the functional expression of the a,-
AR in H9c2 cells (figure 3.7B). Initial experiments using the non -selective a-AR agonist
isoprenaline revealed only a modest inc rease in CAMP (figure 3.7A; PECsy = 7.63 °

0.07; n=4; 22% of forskolin max response ). However, following treatment of cells

with PTX ( Gy, -protein in -activator ; 100 ng/ml) for 16 h, isoprenaline triggered a near
maximal CcAMP response (figure 3.7A; PECso = 8.68 ° 0.09; n=4; 96% of forskolin
max response). In marked contrast, CAMP accumulation in response to formoterol was

insensitive to PTX ( figure 3.7B; PpECso = 8.70 ° 0.24; n=4; 89% of forskolin max

response). These data suggest that in the absence of PT X, isoprenaline -induced cAMP
accumulation is suppressed due to G ilo - protein coupling. From here on all isoprenaline -
induced cAMP accumulation was performed in the presence of PTX. The selective as-
AR agonist CL 316243 did not generate any cAMP accumulation (figure 3.7C)
suggesting that even though the mRNA is detected , this subtype is not functional in
H9c2 cells.
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a-adren oceptor agonist -induced cAMP accumulation in H9c2 cells. Where

20 min with the indicated concentrations of

performed in triplicate.

Isoprenaline -induced cAMP

adrenoceptor antagonist propranolol (100 nM) and the

118,551 (100 nM), while the selective
inhibit ed the response (figure 3.8A). This indicates that there is some activity of the

a;-AR in H9c2 cells.

s el e c t-iadremoceptor antagonist propranolol (100 nM) and the

** P<0.01 and ****

pre -treated for 16 h with 100 ng/ml

PTX. Cells were stimulated for

(A) isoprenaline, (B) formoterol and (C) CL
316243 . Levels of cCAMP were determined as described in section 2.5 (i) of chapter Il
Data are presen ted as mean levels of cCAMP (innM) ° S.E.M. of four experiments each

responses were

P<0.0001.

abolished by the non -sel ectit ve

selective a,-AR antagonist ICI

a;-AR antagonist CGP 20712 (100 nM) part -

antagonist ICI 118,551 (100 nM), whereas the selective

(100 nM) had no effect (figure 3.8 B).
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Fig. 3.8:  Effect of a-adren oceptor antagonists on isoprenaline and formoterol -induced
cAMP accumulation in H9c2 cells. Cells were pre -treated for 30 min with propranolol
(100 nM), CGP 20712 (100 nM), or ICI 118551 (100 nM) prior to 20 min stimulation

with  (A) isoprenaline (10 nM) or (B) formoterol (10 nM). Levels of cAMP were

determined as described in section 2.5 (i) of chapter Il . Data are presented as mean
levels of cAMP (in nM) ° S.E.M. of four experiments each performed in triplicate.
*% P<0.0001, (a) versus control and (b) versus 10 nM isoprenaline or 10 nM

formoterol alone.

To confirm the funct i og-AR, cimatepr é sasARoselectovd agonist)

was investigated. Cimaterol (pEC 5, = 7.50 ° 0.06; n=4) stimulated a modest increase

in cAMP, confirming the functional expression of the a,-AR in H9c2 cells (figure 3.9A).
Cimaterol -induced cAMP responses were blocked by the non -s e | e c t-adwemoceptor
antagonist propranolol (100 nM) and the selective a,-AR antagonist ICI 118,551 (100

nM), whereas the selective a;-AR antagonist CGP 20712 (100 nM ) had no effect
(figure 3.9C). These data support the previous finding suggesting that the a,-AR is
functionally active in H9c2 cells . Dobutamine as a parti al agoniARt of
stimulated only a small cAMP response (PECso = 7.40 ° 0.09; n=3 ; figure 3.9B). Due
to the lack of a selective a;:-AR agonist, the functional expression of this subtype was
assessed by determining dobutamine -induced cAMP accumulation (non  -selective a;
a nd , agonist). Dobutamine -induced cAMP responses were blocked by the non -
s e | e c t-adremoceptor antagonist propranolol and the selective a,-AR antagonist ICI
118,551, whereas the selective a;-AR antagonist CGP 20712 had no effect (figure
3.9D). Overall these data sugge st functional expression of only the a,-AR in mitotic
H9c2 cells .

70



8-
o
c
8 4 .
S
2
I 0' T T T 1
&o\ A1 A0 9 -8 7 5 \@\ 41 10 9 -8 7 6 5
X log [Cimaterol (M)] P log [Dobutamine (M)]
C D
15+ 15+ -
aw a
s S 1o+
£ £
o o
= =
3 T 5
Fkkk ey
A= alnlal D [
> O N A @ o
y {\éo (DQO\Q ,‘S;\ \.333 . &‘i é‘°\q ,]'6\\ -\'3?
Q<°Q & ¢ °6°° Q(°Q & @
.Qex -\(‘e‘x '\{\0
@@‘ \.’é&\ \’5&
& ~°‘> ‘00
&F o °
QL 9
Fig. 3.9: a-adren oceptor agonist -induced cAMP accumulation in H9c2 cells. Cells were
stimulated for 20 min with the indicated concentrations of (A) cimaterol and (B)
dobutamine. Cells were pre -treated for 30 min with propranolol (100 nM), CGP 20712
(100 nM), or ICI 118551 (100 nM) prior to 20 min stimulation with (C) cimaterol (1
UM) and (D) dobutamine (1 uM). Levels of cAMP were determined as described in
section 2.5 (i) of chapter Il . Data are presented as mean levels of cCAMP (in nM) °
S.E.M. of four experiments each performed in triplicate. *** P<0.001, and
**x% - P<0.0001, (a) versus control and (b) versus 1 uM cimaterol or 1 uM dobutamine

alone.

Since the response generated by cimaterol and dobutamine was modest, it was of

interest to determine whether these agonists also coupled to Gj -protein. To
determine this , cimaterol and dobutamine along with isoprenaline, formoterol, CL
316243 and forskol in were used at their maximal concentrations in presence and
absence of PTX. Also, to verify if the G ;- protein coupling observed with isoprenaline
(and perhaps with the above mentioned agonists) was an event occurring only in H9¢c2

cells, BEAS -2B R1 cells (human bronchial epithelial cells) which endogenously express

the a,-AR (Kelsen et al, 1997)  were used as a positive control. Culturing and seeding

of BEAS -2B R1 cells was similar to H9c2 cells as described in section 2.2 of chapter II.

|l soprenaline (10 T M) and cimaterol (10 -tegppnseon | y
in the absence of PTX in H9c2 cells (figure 3.10A), whereas they generate d robust
cAMP-accumulation in  the presence of PTX (figure 3.10B). In contrast, responses to
formoterol (1 T M) , CL 316243 (10 T M), dobutaminein(10
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H9c2 cells were unaffected by PTX pre

(except for CL 316243
(figure 3.10C) suggesting th

) generated robust cAMP

-treatment.

e 33AR subtype is not fu

cells. No significant changes were observed in the

agonists following PTX pre

more cAMP following PTX pre -treat ment (figure 3.10D

-accumulation in BEAS

The above mentioned agonists
-2B R1 cells
nctionally expressed on these

cAMP response profiles of these

-treatment , except for dobutamine which generated slightly

; 68% of forskolin max response

in presence of PTX as compared to 40% of forskolin max response in absence of PTX )

suggesting that the

isoprenaline and cimaterol)

Gy, -protein coupling event is exclusive to H9c2 cells
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Fig. 3.10 : a-adren oceptor agonist -induced cAMP accumulation in H9c2 and BEAS -2B
R1 cells. H9c2 cells were treated with isoprenaline ( 10 T M), formoterol
316243 (10 T M), <cimaterol (10 TM), dobut afori2ch e
min in absence of PTX pre -treatment (A) and following 16 h pre -treatment with PTX
(Gip -protein in -activator ; 100 ng/ml; B). BEAS-2B R1 cells were treated with
isoprenaline ( 10 T M) , formoterol (12 T M), CL 316243
dobutamin e (10 T M) and f o rferROminiinnabséntelof ATXIpre -treatment

(C) and following 16 h pre

-treatment with PTX (Giro

(at least for

-protein in -activator ; 100 ng/ml;

D). Levels of cAMP were determined as described in section 2.5 (i) of chapter Il. Data

are pres ented as mean levels of CAMP (in nM)
* P<0.05, **

performed in triplicate.

P<0.01, and ****
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Beta -adrenoceptor -mediated Ca?* signalling

To determine if formoterol and isoprenaline were able to generate Ca®" responses in

H9c2 cells , Ca?" imaging was performed. For mot er ol (1 7T tigger dnyd not

#* responses (figure 3.11 A; over three independent experiments 18
| soprenal ine (1

intracellular Ca
wells were observed and no response was observed ) .
#* responses. Figure 3.11B represents a trace in

#* response while f igure 3.11C , D represent

occasion did trigger intracellular Ca

which isoprenaline did not generate any Ca

a trace in which isoprenaline did ge nerate a Ca’®' response ( over three independent

experiments 18 wells were observed and in 7 wells isoprenaline generated a response

i.e. 39%). It is important to note that in all experiments, ATP was used as a positive

control to check if the Ca ' stores were still intact.
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Fig 3.11: Effect of &-adren oceptor agonist s on [Ca?'];responses in H9c2 cells. (A) No

Ca* responses were observed when treated with for:t
triggered no Ca ' responses on occasion. (C) Isoprenaline on occasion (38.88%)

triggered pronounced Ca 2* responses in the presence of extracellular Ca (1.3 mM).

(D) Confocal images of i sopr en al-indoced Qa £ r@spdises in the presence of
extracellular Ca %" (1.3 mM). The panel letters (a i f) correspond to the time points

shown in trace C. ATP (10 T M) was added as a positive control. Similar results were

obtained in three other experiments.
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3.3. Characterisation of TG expression pattern in H9c2 cells.

Western blot analysis was

performed to compare the expression of TG isoforms in
mitotic and differentiated H9c2 cells. TG1, TG2 and TG3 expression w

ere detected in

both mitotic and differentiated H9c2 cells (figure 3.12). This indicates that not only

TG2 but other TG isoforms are p
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Protein expression of TG isoforms in mitotic and differentiated H9c2 cells. (A)
from mi
stern

(20 1g)

purified enzymes (C) were used as positive control.
as the ratio of TG isoform to GAPDH and represent the
independent experiments.

Furthermore, to determine if the levels expressed are localised

resent in H9c2 cells.

B
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to a particular area of
was performed using TG
DAPI (figure 3.13).

that TG1l and TG3 are mainly localised in the

perinuclear region. TG1 is also sparsely localised in the cytoplasm. TG2 is distributed

ubiquitously but

is predomina ntly localised in the cytoplasm.

74

ffer



B
201
3 Mitotic H9¢2 cells
Bl Differentiated H9c2 cells

-
[3)]
1

[3)]
1

Relative fluorescence
intensity
—
o
1

il W

N a o
<0 <0 <0

Fig 3.13:  Protein expression of TG isoforms in mitotic and differentiated H9c2 cells. (A)
Images acquired from immunofluorescence by confocal microscopy are presented from
one experiment and are representative of three independent experiments . (B)
Quantified immunofluorescence data represent the mean + S.E.M. of fluorescence
intensity relative to DAPI stain for five fields of view from each of three independent
experiments

3.4 Discussion

The initial aim of this study was to identify functional expression of adenosine receptor

and a-adren oceptor subtypes on H9c2 cells along with characteri sation of TG isoforms.
Functional expression of adenosine receptors on H9c2 cells:

H9c2 cardiomyoblasts derived from embryonic rat heart myoblasts are widely used as

an in-vitro model for cardiac cells since they are electrophysiologically and
biochemically similar to cardiomyocytes (Heschelet et al, 1991). It has been previously

reporte d that rat ventricular myocytes express A;, A,n and A ; adenosine receptors
(Martens et al, 1987; Linden, 1994; Dixon et al, 1996; Dobson and Fenton, 1997;

Germack and Dickenson, 2004). Fretwell and Dickenson, reported the functional
expression of the  A; adenosine receptor on H9c2 cells using cAMP accumulation assay
(Fretwell and Dickenson, 2009). However, to further investigate, mRNA and functional
expression of adenosine receptors via RT-PCR analysis, cAMP accumulation and
calcium imaging was performed. A s reported by Fretwell and Dickenson, CPA mediated
a biphasic modulation of forskolin -stimulated cAMP accumulation in mitotic H9c2 cells
(figure 3.2). Although CPA  -induced inhibition of forskolin -stimulated cAMP
accumulation was seen at nM concentrations ( 0100 nM), at hi gher col
(>100 nM) this inhibition was partially reversed. In agreement with previous findings,

this observation suggests that at higher agonist concentrations, the A 1 adenosine

receptor can also couple to G s-protein in mitotic H9c2 cells (Fretwell and Dickenson,
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2009). Due to the extremely low level detection of A; adenosine receptor mRNA in

differentiated H9c2 cells, work was performed using mitotic H9c2 cells.

The selective A,, adenosine receptor agonist, C GS 21680 caused no measurable cAMP
accumulation (figure 3.3) suggesting that even though the mRNA for A, adenosine
receptor is detectable (figure 3.1), this receptor is not functional in differentiated H9c2

cells. It should be noted that IBMX was implemen ted in this cAMP accumulation assay

to inhibit phosphodiesterase activity . However, IBMX also functions a s a non -selective
antagonist of adenosine receptors (Beavo et al, 1970; Morgan et al, 1993). Therefore,

it is possible that the lack of cAMP response was due to antagonism of CGS 21680 by
IBMX and hence the use of an alternative phosphodiesterase inhibitor e.g. rolipram
should be implemented in further studies. The mRNA profile of the adenosine
receptors shows no expression of A,g adenosin e receptor and hence no functional
studies wer e undertaken for this receptor. Although the mRNA profile is positive for

the A ; adenosine receptor, previous studies have found it not to be functionally
expressed in these cells (Fretwell and Dickenson, 2009 ). Hence it was not studied any

further.

Convincing evidence exists that t he A, adenosine receptor directly stimulates inositol
phospholipid hydrolysis through Gio-protein @ A subunit -mediated activation of
phospholipase Cin  many cell types ( White et al, 1992; Dickenson et al, 1995; Murthy
and Makhlouf, 1995; Tomura et al, 1997; Linden, 2001; Sheth et al, 2014) . In this

2+

study, CPA triggered increase s in intracellular Ca levels which were characterised by

2+

pronounced Ca oscillations (figure 3.4). These responses were eliminated following

2+

removal of extracellular Ca , suggesting that these responses are dependent upon

extracellular Ca %' influx as the intracellular stores were still intact. Similar

observations were made with the endogenous agonist adenos ine (figure 3.5).  In order

to clarify the involvement of the A ; adenosine receptor in mediating these Ca 2

responses, the selective A ; adenosine receptor antagonist DPCPX and the Gij - protein

2+

blocker pertussis toxin were  used. As expected, intracellular Ca responses observed

with both CPA and adenosine were blocked when cells were pre -treated with either

DPCPX and PTX, thus confirming the involvement of the A , adenosine receptor.

This influx of extracellular Ca* upon stimulation of the A ; adenosine receptor is in
contrast to previous findings in basal forebrain cholinergic neurons, human bronchial

smooth muscle cells and the smooth muscle cell line DDT 1MF-2 which suggest that the

2+

A; adenosine receptor stimulates the release of intracellular Ca stores (Dickenson

and Hill, 1993; Basheer et al, 2002; Ethier and Madison, 2006) . In relation to the

+

current data, it is unlikely that voltage -gated Ca #* channels are involved as activation

of the G i, -protein coupled A ; adenosine receptor is associated w ith the inhibition of

2+

P/Q- and N -type voltage -dependent Ca channels (Gundifinger et al, 2007)

Sabourine and colleagues have recently provided a n alternative mechanism for the A;
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2+

adenosine receptor -induced Ca influx in cardiomyocytes which occurs via store -

operated Ca **

channels (Sabourine et al, 2012). Furthermore, there is some evidence
that the A, adenosine receptor can modulate L -type Ca®" channels in rat atria (Fassina
et al, 1991; Braganca et al, 2016). At present the mechanism s associated with the A;

+

adenosine receptor -induced Ca 2* influx in H9c2 cells are not established, however it
would be of interest to investigate the mechanisms underlying this phenomena.
Collectively, these data sufficiently demonstrate the functional expression of the A 1

adenosine receptor  on H9c2 cells.

Functional e x padrermceptarsron HMOE2 cdlls:
In contrast to the heart where the a:1-AR is the dominant adrenoceptor subtype (Woo
and Xiao, 2012), previous studies have shown that H9c2 cells have a a-AR subtype

ratio of 71% a, AR to 29% a;.AR (Dangel et al, 1996). In this study, RT -PCR analysis
revealed expression of  a;, &, and az-AR mRNA in mitotic and differentiated H9c2 cells
(figure 3.6), with a rank order of a,-AR > a;-AR = a3-AR. Since all of t he three a-AR
subtypes couple to G s-proteins and activate adenylyl cyclase, their functional
expression was assessed by measuring cAMP accumulation in mitotic cells. Mitotic

H9c2 cells were chosen for further investigation even though the mRNA of receptor is
detected in differentiated cells because it would be more suitable to determine TG2

activation by GPCRs (adenosine receptors and adrenoceptors) in the same cell
background. The selective a3-AR agonist CL 316243 did not generate any cAMP
accumulation (figure 3.7), suggesting that even though the mRNA is detected , this
subtype is not functionally expressed on H9c2 cells. However, recently it has been
reported that the as-AR is functionally active in mouse heart and is inv olved in
cardioprotection (Dessy and Balligand, 2010; Niu et al, 2012; Cannavo and Koch,

2017).

In this study, the selective a,-AR agonist formoterol revealed a robust increase in
cAMP accumulation whilst  the non -selective a-AR agonist isoprenaline reveale  d only a
modest increase in cAMP  accumulation (figure 3.7). There is some evidence that in rat
cardi omyocyt AR aganmstg hatie been shown to activate both Gs and Gy,
proteins, with the exception of fenoterol which exclusively activates only G ¢ protein
(Xiao et al, 2003). Hence it was of interest to check if isoprenaline were coupling to
Gi, - protein in H9c2 cells. Following treatment of cells with PTX for 16 h, isoprenaline
triggered a robust cAMP response , thus suggesting that in H9c2 cells is oprenaline
couples to G, -proteins. In contrast , treatment with PTX had no effect on formoterol -
induced robust increase in cAMP accumulation. These data suggest that the cAMP
responses to isoprenaline were augmented by PTX indicating dual coupling to G s and
Gi, whereas responses to formoterol were insensitive to PTX indicating coupling only to

Gs proteins. There is some evidence that formoterol promotes the receptor to

exclusively couple to G ¢ proteins. For instance, in HEK293 cells and isolated rat hear t,
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formoterol -induced cAMP accumulation was insensitive to PTX (Somvanshi et al, 2011;
Salie et al, 2011).  However there are several studies that claim isoprenaline couples to
Gio proteins in mouse cardiomyocytes (for details see Daaka et al, 1997; Davel et al,

2014; Fuetal, 2014).

To confirm these results, subtype -selective antagonists were employed. From the data

shown in figure 3.8, it is clear that the cAMP response to a-AR agonists is via the  a,-
AR. Formoterol -induced cAMP responses were blocked by the non -selective a-AR
antagonist propranolol and the selective a,-AR antagonist ICI 118,551, whereas the
selective a;-AR antagonist CGP 20712 had no effect . Isoprenaline -induced cAMP
responses in the prese nce of PTX were attenuated by the non -selective a-AR
antagonist propranolol and the selective a,-AR antagonist ICI 118,551, while the
selective a;-AR antagonist CGP 20712 could only modestly block the response. This
indicates that there is some activity of the a;-AR in H9c2 cells. The majority of
evidence i s cons-AR beng functwnally lactiva, with the exception of
isoprenaline in presence of the selective a;-AR antagonist CGP 20712. Ho wever, it is
not clear how the response could be dependent up on either a;- or ,-AR. Previous
studies by Somvanshi and colleagues have implied functional expression of a:;-AR in
H9c2 cells via isoprenaline  -induced apoptosis and signalling responses such as CREB
and ERK1/2 (Somvanshi et al, 2013). However it should be noted that isoprenaline is
anon-s el ect-AR agonist and was reported to induce Pl -3K activity which  was
inhibited by the a,-AR antagonist ICI 118,551 but not the a;-AR antagonist CGP 20712
in H9c2 cells (Yano et al, 2007). Overall, these data suggest functional expression of

t he,-AAR but 4AdRt oFARSuUbtypesin HI9c2 cells.

Due to the slight discrepancy observed in antagonising the isoprenaline - and
formoterol -induced cAMP accumulation, two additional a-AR agonists were
implemented. The selective a,-AR agonist cimaterol and the ai/a, agonist dobutamine
(figure 3.9) both generated modest cAMP accumulation which was in each case

blocked by the non -selective a-AR antagonist propranolol and the selective a,-AR
antagonist ICl 118,551, whereas the selective a;-AR antagonist CGP 20712 had no
effect . These data confirm the functional expression of t he,-AAR but ARt og
AR subtypes in H9c2 cells. Since both of these agonists could only generate a modest
cAMP response, it became of interest to identify if the CAMP response to these agonists

is limited by  Gj,-protein -coupling in H9c2 cells, as seen with isoprenaline. Also , to
identify if the phenomenon of isopren aline -induced coupling to G, - protein is an effect
observed only in H9c2 cells, BEAS-2B R1 cells (h uman bronchial epithelial cells which
endogenously express  a,-AR; Kelsen et al, 1997) were employed as a positive control

(figure 3.10). Data obtained with H9c2 cells in the presence and absence of PTX,

suggest that not only isoprenaline but also cimaterol promotes a,-AR couplingto Gy, -
protein in H9c2 cells. This may explain why cimaterol coul d only generate a modest
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cAMP response compared to formoterol. All the other agonists used in this study at
their maximal concentrations did not have any effect upon treatment with PTX,

suggesting they de-ARauplingto o@p praeinain H9c2 cells.

The data obtained from BEAS-2B R1 cells suggest that the phenomenon of
isoprenaline and cimaterol coupling to Gi, -protein is exclusive to H9c2 cells. However,

it should be noted that there was a slight increase in dobutamine -mediated cAMP
accumulat ion in BEAS -2B R1 cells treated with PTX. One reason for these agonists
couplingto Gy, -protein s in H9c2 cardiomyocytes could be due to compartmentalisation

of the a,-AR. Myocytes contain abundant lipid rafts and caveolae with high expression

of the @&,-AR (Patel et al, 2008; Xiang, 2011). This distribution facilitates signalling
molecules such as cAMP to signal in a location -dependent manner. Using real time
imaging of live myocytes, it was reported that stimulation of the a,-AR at one end of
elongated adult myocytes generates a spatially confined cAMP response, whereas,
similar stimulation of the a;-AR generates a diffused cAMP response reaching inside

the cells (Nikolaev et al, 2006; Nikolaev et al, 2010). Furthermore, only certain

isoforms of adenylyl  cyclase are enriched in the caveolae (e.g. AC6) and are known to
coupl e t ogARtnioe e#Hectively t han t o,-ARh(@strodn et al, 2001). Also,
disruption of caveolae and lipid rafts causes enhancement of isoprenaline  -induced
cAMP response (Head et al , 2006). Hence, it is plausible that because of the low

availability of ~ Gs-protein/adenylyl cyclase these agonists couple to G ilo - protein.

Apart from this, it is also known that in mouse heart, genetic disruption of a;-AR does
not alter the function of a,-AR and vice versa (Rohrer et al, 1996; Chruscinski et al,

1999; Devic et al, 2001; Soto et al, 2009). Th is suggests that these two receptors
reside in different compartments in mouse heart. Kuschel and colleagues have

reported that inhibition of Gi, -prot ein using PTX allowed switching of the localised
CAMP response to a gl obal p h e n,eAReoumimg.to g +prfoteim mi n g
restricts the cCAMP response to the sarcolemma of rat ventricular myocytes (Kuschel et
al, 1999b). Interestingly, some studies have shown that in neonatal cardiac myocytes

a,-AR coupling to Gy, -proteins is PKA and GRK phosphorylation dependent and it is
associated with receptor internalisation and recycling (Xiang et al, 2002; Xiang and
Kobilka, 2003; Wang et al, 2007; Wang et al, 2008; Liu et al, 2009; Xiang, 2011).

However, further studies are needed to confirm if this couplingto G i, -proteins in H9c2
cardiomyocytes is due to compartmentalisation. At present, the levels of G ilo - Protein
and G s-protein as well as expression of different G iio -protein subtypes (G i1-, Giz-, Giz-,

Goi- and Gg,-protein) in H9c2 cells are not known. Furthermore, the different cell
backgrounds used in various studies could also be a potential reason for these

agonists to coupleto G i, -protein.

To determine if a,-AR activation initiated Ca®* responses in H9c2 cells, Ca® imaging

was performed.  Formoterol consistently produced no measurable Ca®" responses ,
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whilst i soprenaline in a proportion of experiments triggered intracellular Ca 2

responses (figure 3.11). It can be conceivable that the reason for formoterol not

triggering any Ca * responses could be because it,rABtes ni
couple to G, -protein. It is important to note that the concentrations of the agonists
used to determine intracellular Ca®" responses are not the same as those used for

cAMP accumulation studies. This is simply because as shown in Chapter V, modulation

of TG2 activity occurs at higher concentrations and sin ce TG2 is a calcium dependent
enzyme, it was necessary to use the same concentration for comparison purposes. As

for the cAMP accumulation, it was important to use the agonists and antagonists at

their selective concentrations to be able to determine the s ubtype functionally

expressed on H9c2 cells.

On quantification, it was observed that over three independent experiments 18 wells
were assessed and in 7 wells isoprenaline generated a response i.e. 39%. The

2 responses observed could be a  result of activation of L  -type Ca*

intracellular Ca
channels (LTCCs). LTCCs, along with ryanodine receptors (RyRs) and
Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase type 2 (SERCAZ2), are known

substrates of PKA which are involved in Ca?" responses and recycling (Kamp a nd Hell,

2000; Manni et al, 2008; Kranias and Hajjar, 2012). Convincing evidence exists that

there is |l ocalisation of a subpopulation of,-LTCC
AR coupling causes a localised cAMP response which might be sufficient to s patially

activate PKA, which leads to activation of caveolar LTCCs (Xiao et al, 1994; Chen -lzu

et al, 2000; Fu et al, 2013).

Finally, a number of studies have also shown that activation of a- AR induces activation
of Ca?" /calmodulin -dependent kinase Il (CaMKIl), which causes phosphorylation of
phospholamban and ryanodine receptors which play a role in myocardial hypertrophy

(Zhang et al, 2005; Anderson et al, 2011; Swaminathan et al, 2012). This activation

of CaMKIl via a-AR can occur due to PKA -dependent increases in local ca*
concentrations via LTCCs and RyRs as well as through Gs-protein - mediated up -

regulation of LTCCs and cAMP/EPAC  -dependent signalling pathways (Lader et al, 1998;

Oestreich et al, 1998; Ferrero et al, 2007; Soltis and Saucerman, 2010; Fu et al,
2013). Several studies have shown that activation of the a,-AR following inhibition of
Gi -protein with PTX caused switching of the localised CcAMP response to a global

phenomenon and complete phosphorylation of phospholamban by PKA was observed

(Xiao et al, 1995; Kuschel et al, 1999b). Furthermore, in rat ventricular myocytes,
several studies have shown dual coupling of a,-AR to Gs- and G, -proteins and this
dual coupling leads to reduced cAMP response resulting in highly localised ca*
responses (Xiao et al, 1995; Daaka et al, 1997; Xiao et al, 1999; Chen-lzu et al,
2000). These responses appear to be dependent on cAMP/PKA -signalling as inhibit ion

2+

of PKA with RpCamps and peptide inhibitors abolished these Ca responses. A similar
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phenomenon was observed in frog ventricular myocytes which are known to be rich in
a,-AR (Zhou et al, 1997; Kuschel et al, 1999a; Kuznetsov et al, 1995; Hartzell et al ,
1991; Hartzell and Fischmeister, 1992; Skeberdis et al, 1997b). Together these

studies show that inhibition of G ;,-protein cause d the a,-AR to signal in a similar

fashion t ©AR.t At @resent it is still not clear if the isoprenaline -induced
intrace llular Ca ** responses are dependent on Gi, -protein coupling in H9c2
cardiomyoblasts and hence further investigation is warranted. Overall, the data

presented clearly show funci-ARonkIAc2cells&.pr essi on of
Characterisation of TG expression pattern in H9c2 cells:

At present few studies have shown differential expression of transglutaminase

isoforms in heart. For instance, Factor XIIIA mRNA and protein levels have been
identified in mouse heart (Sane et al, 2007; Myneni et al, 2014) and its u p-regulation
in cardiac myxoma (Berrutti and Silverman, 1996). There is also evidence of strong

MRNA expression for TG3 in mouse heart (Zhang et al, 2005). However, to the

authors knowledge no studies relating to TG1, TG4, TG5, TG6, TG7 and Band 4.2 have

been carried out in the cardiovascular field. There are a significant number of studies

which have reported TG2 mRNA and protein levels in mouse heart (Small et al, 1999;

Sane et al, 2007; lismaa et al, 2009; Deasey and Numinskaya, 2013) and neonatal

rat ca rdiomyocytes (Li et al, 2009). TG2 is implied in cardiac disorders such as
atherosclerosis, cardiac hypertrophy and stiffness. The role of TG2 is debatable in

these disorders as there are contrasting studies suggesting that TG2 does not play a

role in plag ue stability during atherosclerosis (Williams et al, 2010), while another

study claims that its activity is important in regulating the atherosclerotic plaque

(Matlung et al, 2012). In an ischaemic heart, TG2 GTPase activity is strikingly reduced
suggestin g that it is an important factor in cardiac failure (Hwang et al, 1995).
However, cardiac -specific overexpression of TG2 does not alter PL C-U 1 activity,
suggesting that it functions as a TG rather than a GTPase (Small et al, 1999). TG2 is
also involved in cardiac hypertrophy (lismaa and Graham, 2003) and cardiovascular

stiffness (Jung et al, 2013; Steppan et al, 2014; Steppan et al, 2017), but its role in

their progression is debatable. All of the above studies were carried out in mo use/rat
models and hence it was important to determine which TG isoform is expressed in

H9c2 cardiomyocytes. It is apparent from the data shown in figures 3.12 and 3.13

that TG1, TG2 and TG3 are expressed in both mitotic and differentiated H9c2 cells. In
mitotic and differentiated H9c2 cells, TG1 and TG3 are mainly localised in the

perinuclear region with TGl being sparsely localised in the cytoplasm. TG2 is
distributed ubiquitously, however, it is predominantly localised in the cytoplasm. It is

clear from these data that differentiation of H9c2 cells does not affect the localisation
of TG1, TG2 and TG3. Although it would have been ideal to check the expression of all

TG isoforms, this was not technically possible due to lack of specific antibodies and
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time constraints. However, it should be noted that some of the TG isoforms which
were not assessed in this study, might not be expressed in H9c2 cardiomyocytes as

TGs have been named according to their specific localisation. For instance TG4 or
prostate TG is o nly expressed in the p rostate gland, prostatic fluids and seminal
plasma . From this study it can be concluded that mitotic and differentiated H9c2 cells
express TG1, TG2 and TG3.

In conclusion, these  data provide sufficient evidence of functional expressio n of the A

adenosi ne r gadempoteptor, and TG2 in mitotic  H9c2 cardiomyocytes.
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Chapter IV: Modulation of TG2 activity by the A 1 adenosine receptor in
H9c2 cells

This chapter aims to investigate modulation of TG2 by the A , adenosine receptor in
mitotic H9¢c2 cells via TG2 amine incorporating and peptide crosslinking assays along

with in-situ TG2 activity.

4.1 Effect of AR activation on TG2 -mediated biotin cadaverine amine

incorporation and protein cross  -linking  activity

Initially the effect of the selective AR agonist CPA on TG2 activity in H9c2
cardiomyobl asts was investigated. H9c2 cell s wer

periods of time and the cell lysates subjected to both biotin cadaverine amine -
incorporation assay (Slaughter et al, 1992) and biotin  -labelled peptide (biotin  -TVQQEL)
cross - linking assay (Trigwell et al, 2004). CPA (figure 4.1A) produced time -dependent
increases in TG2-catalysed biotin -cadaverine incorporation activity, peaking at 10 min.

In addition, CPA (pEC 5, = 8.87 ° 0.17; n=6; figure 4.1C) stimulated concentration

dependent increases in biotin  -cadaverine incorporation activity. CPA also triggered

time -dependent increases in TG2  -mediated protein cross  -linking activity peaking at 10

min (fi gure 4.1B) along with concentration -dependent increases in protein cross -

linking activity (pEC 5 = 8.61 ° 0.20; n=6; figure 4.1D). Similar to CPA, the

endogenous adenosine receptor agoni st adenosi ne trigger@edtransibhf al s o
increases in TG2 cataly sed biotin -cadaverine incorporation and protein cross -linking

activity, peaking at 10 min (figure 4.2A and B). Furthermore, adenosine stimulated

concentration -dependent increases in both biotin -amine incorporation activity (figure
4.2C; pEC 5 =6.90 ° 0.11; n=7) and protein cross -linking activity (figure 4.2D; PECs
= 7.08 ° 0.16; n=7). It should be noted that activation of A;R using CPA and
adenosine reveals a trend towards a decrease in both amine incorporation and protein

cross -linking activities of  TG2 at 1 min.
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Fig 4.1: Effect of the selective A ; adenosine receptor agonist CPA on TG2 activity in

H9c2 <cell s. Cells were stimulated with CPA (1
(panels A and B). Concentration -response curves for CPA in cells treated with agonist

for 10 min (panels C and D). Cell ly sates were subjected to biotin -cadaverine
incorporation (panels A and C) or the peptide cross -linking assay (panels B and D).

Data points represent the mean + S.E.M. for TG2 specific activity from four
independent experiments. *P<0.05, * P<0.01, ** P<0.001 and **** P<0.0001 versus

control response.
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Fig 4.2. Effect of the endogenous adenosine receptor agonist adenosine on TG2
activity in H9c2 <cell s. Cells were stimulated wi
time intervals (panels A and B). Concentration -response curves for adenosine in cells

treated with agonist for 10 min (panel s C and D). Cell lysates were subjected to

biotin -cadaverine incorporation (panels A and C) or the peptide cross -linking assay

(panels B and D). Data points represent the mean + S.E.M. for TG2 specific activity

from four independent experiments. *P<0.05, ** P<0.01, ** P<0.001 and

*% P<0.0001 versus control response.
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4.2 The effect of selective AR antagonist and TG2 inhibitors on AR induced
TG2 activity
To determine if the  evoked TG2 activity was via the A:R, H9c2 cells were pre -treated

for 30 min with the selective A;R antagonist DPCPX (1 uM) prior to stimulation with

CPA (100 nM) and/or adenosine (100 puM) for 10 min. DPCPX blocked CPA -elicited
(figure 4.3A and B) and adenosine -induced (figure 4.3C and D) TG2 activity, thus
confirming that the activity was mediated by the A:R. To confirm that TG2 is

responsible for the AR induced transglutaminase activity in H9c2 cells, two
structurally different cell permeable TG2 specific inhibitors were tested: R283 (a small
molecule; Freund etal, 1994) and Z -DON (peptide -based; Schaertl etal, 2010). H9c2
cells were pre -treated for 1 h with Z-DON (150 pM) or R283 (200 pM) prior to
stimulation  with CPA (100 nM) and/or adenosine (100 uM) for 10 min. Both inhibitors
blocked CPA -induced and adenosine -induced TG-mediated amine incorporation (figure
4.3A and C) and peptide cross -linking activity  (figure 4.3B and D) , confirming the
involvement of TG2. As these are TG2 inhibitors, they are also lowering the basal

enzyme activity.

4.3 The roleofCa ?" in A;R induced TG2 activity

2+ 2+

The role of Ca in A;R-induced TG2 activation was determined because TG2 is a Ca -

2+

dependent enzyme. The role of extracellular Ca was assessed by measuring TG2

responses in the absence of extracellular Ca **

using nominally Ca  **-free Hanks/HEPES
buffer containing 0.1 mM EGTA (pH was confirmed) . Removal of extracellular Ca %"
abolished CPA - and adenosine -induced TG2 activity  (figure 4.4A and B). To assess the
role of intracellular Ca 2", measurements of TG2 activation were also perf ormed using
cells pre -incubated with the Ca ?* chelator BAPTA -AM (50 uM for 30 min) in the
absence of extracellular Ca  2*. Loading cells with BAPTA in the absence of extracellular

Ca*" did not lead to further inhibition of CPA - and adenosine -induced TG2 activation
(figure 4.4A and B). These observations indicate that the A:R-induced TG2 activation

is dependent upon the influx of extracellular Ca >
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Fig 4.3: Effect of the A ; adenosine receptor antagonist DPCPX and TG2 inhibitors on
CPA and adenosine -induced TG2 activity.  H9c2 cells were pre -treated for 30 min with
the selective A ; adenosine receptor antagonist DPCPX (1 uM) or for 1 h with the TG2
inhibitors Z -DON (150 uM) and  R283 (200 uM) prior to 10 min stimulation with CPA

(100 nM) or adenosine (100 pM). Cell lysates were subjected to biotin cadaverine
amine incorporation assay (panels A and C) or peptide cross -linking assay (panels B
and D). Data points represent the mean + S.E.M for TG2 specific activity from four

independent experiments . *P<0.05, ** P<0.01, *** P<0.001, and ****  P<0.0001, (a)
versus control and (b) versus 100 nM CPA or 100 uM adenosine alone.
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Fig 4.4: The role of extracellular Ca " in CPA- and adenosine -induced TG2 activation.
H9c2 cells were stimulated for 10 min with CPA (100 nM) or adenosine (100 pM)

either in the presence of extracellular Ca Z* (1.8 mM) or in its absence using nominally
Ca* -free Hanks/HEPES buffer containing O. 1 mM EGTA. Experiments were also
performed using cells pre  -incubated for 30 min with 50 uM BAPTA/AM and in the
absence of extracellular Ca 2" (nominally Ca *-free Hanks/HEPES buffer containing 0.1
mM EGTA) to chelate intracellular Ca 2 Cell lysates were s ubjected to biotin -
cadaverine incorporation assay (panel A) or peptide cross -linking assays (panel B).
Data points represent the mean = S.E.M for TG specific activity from four independent
experiments .* P<0.05,* P<0.01, *** P<0.001 and ****  P<0.0001, (a) versus controlin
presence of extracellular Ca 2", (b) versus 100 nM CPA in the presence of extracellular
Ca2+, (c) versus 100 uM adenosine in the presence of extracellular Ca s
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4.4 The effect of pertussis toxin and protein kinase inhibitors on A; adenosine
receptor -induced TG2 activity

Pre-treatment with the G, - protein inactivating pertussis toxin (100 ng/ml for 16 h)
completely abolished CPA- and adenosine -induced transglutam inase amine

incorporation activity and peptide cross -linking activity , confirming the involvement of

Gij - proteins (figure 4.5)
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Fig 4.5: Effect of pertussis toxin on A ; adenosine receptor -induced TG2 activity. H9c2
cells were pre -treated for 16 h with pertussis toxin (100 ng/ml) prior to 10 min
stimulation with CPA (100 nM) or adenosine ( ADO; 100 pM). Cell lysates were
subjected to biotin - cadaverine incorporation assay (panels A and C) or peptide cross

linking assay (panels B and D ). Data points represent the mean + S.E.M for TG2
specific activity from four independent experiments . *P<0.05, ** P<0.01, ** P<0.001
and **** P<0.0001, (a) versus control and (b) versus 100 nM CPA or 100 uM

adenosine alone.

It is evident from p revious literature that the A ;R activates other protein kinases
including PKB ( Germack and Dickenson, 2000; Germack et al, 2005 ), p38 MAPK
(Robinson and Dickenson, 2001 ) and JNK1/2 (Brust et al, 2007). Modulation of ERK1/2,
p38 MAPK, JNK1/2 and PKB activity following AR activation was assessed in H9c2 cells
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by Western blotting using phospho
motifs within activated ERK1/2 (pTEpY), p3

(PS*?). CPA (10

0 nM for 10

mi n) and

-specific antibodies that recognise phosphorylated

8 MAPK (pTGpY), INK1/2

(pTPpY) and PKB

ad

enosine

significant increases in ERK1/2 phosphorylation in H9c2 cells (figure 4.6). As expected,

pre -treatment with the

adenosine -induced activation of ERK1/2

blocked CPA -

activity and  peptide cross -linking activity (figure 4.7).
inhibitor Ro 318220 (10 pM)

and adenosine -induced

MEKZ1/2 inhibitor

suggesting the involvement of ERK1/2 and PKC.

(figure 4.6 ). Moreover,

PD 98059 (50 pM) blocked CPA -
PD 98059 (50 pM)

induced TG -mediated amine

and
also

incorporation

As shown in figure 4.7, the PKC

also blocked CPA - and adenosine -induced TG2 activity
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Fig 4. 6. Effect of CPA and adenosine on ERK1/2 phosphorylation in H9c2 cells. H9c2
cells were pre -treated for 30 min with PD 98059 (50 puM) prior to stimulation with CPA

(100 nM) or adenosine (100 uM) for 10 min. Cell lysates were analysed by Western
-specific antibodies. Samples were
subsequently analysed on separate blots using antibodies that recognize total ERK1/2.

Data are expressed as the percentage of values for control cells (=100%) in the

blotting for ac

absence of protein kina
independent experiments.
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CPA (100 nM for 10 min) and ad e msosstinuated(signfi€ant M

increases in p38 MAPK and JNK1/2 phosphorylation in H9c2 cells (figure 4.8). As
expected, pre -treatment with  SB 203580 (20 uM; p38 MAPK inhibitor) and SP 600125

(20 uM; JNK1/2 inhibitor) blocked CPA - and adenosine -induced activation  of p38 MAPK
and JNK1/2, respectively (figure 4.8) . Furthermore, SB 203580 and SP 600125
blocked CPA- and adenosine -induced TG-mediated amine incorporation activity and
peptide cross -linking activity (figure 4.9). On the other hand, no activation of PKB by
CPA and adenosine was observed in H9c2 cells (figure 4.10). This was confirmed by the
pan PI -3K inhibitors wortmannin (100 nM) and LY 294002 (30 uM) did not block CPA
and adenosine -induced TG2 activity (figure 4.11).
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Fig 4.8. Effect of CPA and adenosine on p38 MAPK and JNK1/2  phosphorylation in
H9c2 cells. Where indicated, H9c2 cells were pre -treated for 30 min with SB 203580
(20 uM; panels A and C) or SP 600125 (20 uM; panels B and D) prior to stimulation

with either CPA (100 nM) or adenosine (100 pM) for 10 min. Cell lysates were
analysed by Western blotting for activation of p38 MAPK and JNK1/2  using phospho -
specific antibodies. Samples were subsequently analysed on separate blots using
antibodies that recognise total p38 MAP K and JNK1/2 . Data are expressed as the
percentage of values for control cells (=100%) in the absence of protein kinase

inhibitor and represent the mean ° S.E.M. of four independent experiments. * P<0.05,
** P<0.01, ** P<0.001 and ***  P<0.0001, (a) versus control and (b ) versus 100 nM
CPA or 100 uM adenosine alone.
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Fig 4.9: Effect of p38 MAPK and JNK1/2 inhibitors on the A ; adenosine receptor -
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or SP 600125 (20 pM) prior to 10 min stimulation with CPA (100 nM) or adenosine
(ADO; 100 pM). Cell lysates were subjected to protein biotin -cadaverine amine
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incorporation assay (panels A to D) or peptide cross -linking assay (panels E and H).
Data points represent the mean + S.E.M for TG2 specific activity from four
independent experiments . *P<0.05, ** P<0.01, *** P<0.001 and **** P<0.0001, (a)

versus control and (b) versus 100 nM CPA or 100 p M adenosine alone.
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Fig 4.10: Effect of CPA and adenosine on PKB phosphorylation in H9c2 cells. Where

indicated, H9c2 cells were pre -treated for 30 min with LY 294002 (30 uM; panels A
and C) and wortmannin (100 nM; panels B and D) prior to stimulation with CPA (100
nM) or adenosine (100 uM) for 10 min. Cell lysates were analysed by Western blotting

for activation of PKB using phospho -specific antibodies. Samples were subsequently

analysed on separate blots using antibodies that recognize total PKB. Data are
expressed as the percentage of values for control cells (=100%) in the absence of
protein kinase inhibitor and represent the mean ° S.E.M. of four independent
experiments. * P<0.05, ** P<0.01, *** P<0.001 and **** P<0.0001, (a) versus control
and (b) versus 100n M CPAor 10 0 T Madenosine alone.
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assay (panels A to D) or peptide cross -linking assay (panels E and H). Data points
represent the mean + S.EM for TG2 spe cific activity from four independent
experiments . * P<0.05, ** P<0.01and** P<0.001, (a) versus control.

It is important to note that Ro 31 -8220, PD 98059, SB 203580, SP 600125, LY 294002,
wortmannin  and other compounds used in this study had no significant effect on
purified guinea pig liver TG2 activity ( table 4.1 ). Overall, these data suggest that TG2
activity is modulated in H9c2 cells by the A ; adenosine receptor via a multi protein

kinase -dependent signalling pathway.

Table 4.1:  Effect of compounds used in this study on purified guinea pig liver TG2
activity.
Compound Concentration Bt e l(g % of- Zg:ﬁr;(); 2 EEmy
Incor’S(Tthieon ST
Adenosine 100 uMm 102+ 6 95+2
CPA 100 nM 94+3 97 x4
DMSO 10 mM 103+£2 94+3
DPCPX 1uM 899 100+1
Forskolin 10 uM 961 99+1
LY 294002 30 uM 108 £ 8 93 + 6
PD 98059 50 pMm 100 = 2 103 = 2
PTX 100 ng/ml 109 + 4 1015
Ro 31-8220 10 uM 103 +£5 97 +1
SB 203580 30 uM 98+3 97 +1
SP 600125 20 pM 905 110+1
Wortmannin 100 nM 103 £3 96 =6

TG2 amine incorporating and peptide crosslinking assay s were carried out using
purified guinea pig liver TG2 (50 ng/ well). Briefly, 50 ng of purified guinea pig liver

TG2 was incubated with concentrations of the compounds listen in table 5.1 for 30 min

prior to 1 h incubation in presence of either 6.67 mM calcium chloride or 13.3 mM
EDTA containing 225 1 M b i -cadaverine and 2 mM 2 -mercaptoethanol. Following
incubation, the plates were processed as described in section 2.3 (ii) and (iii) of
chapter II.
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4.5 Visualisation of in situ  TG2 activity following A 1R activation

Biotin - X-cadaverine, a cell penetrating biotin -labelled primary amine, acts as the acyl -
acceptor during intracellular TG2 -mediated transamidating reactions and is
incorporated into endogenous protein substrates of TG2, which can subsequently be

visualised by reporters such as FITC - and HRP -ExtrAvidin ® (Lee et al, 1993). H9c2
cells were pre -incubated with 1 mM biotin -X-cadaverine for 6 h at 37°C prior to
treatment with either CPA or adenosine for 1, 5, 10, 20, 30 and 40 min. After fixation

and permeabilisati on, intracellular proteins with covalently attached biotin -X-
cadaverine were visualised using FITC -ExtrAvidin ®. As shown in figure 4.12 and figure
4.13, CPA (100 nM) and adenosi-dependetthlreaseM3 inthenduc e
incorporation of biotin - X-cadaverine into endogenous protein substrates of TG2. These

data are comparable to the transient time -dependent increases in TG2 activity
observed in vitro (see figure 4.1 and 4.2). Surprisingly, given the covalent nature of

biotin - X-cadaverine incorporatio n, florescence staining returned to control levels
following 30 min incubation with CPA or 40 min incubation with adenosine. CPA -
mediated biotin - X-cadaverine incorporation was also concentration -dependent (pEC s
= 8.07 ° 0.12; n=4; figure 4.12). Similarly, adenosine -mediated biotin -X-cadaverine
incorporation was also concentration -dependent (pEC 5, = 5.94 ° 0.72; n=3; figure
4.13).

A -BXC +BXC 1 min 5 min 10 min 20 min 30 min 40 min

CPA

B -BXC +BXC 10°'° CPA 10° CPA 10 CPA 107 CPA 106 CPA 10~ Forskolin
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| :
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= T T T T T 0- I T T T

> N6 S D S ® & 10 -9 -8 7

{\“O
S P log [CPA (M)]

1
& -

Time (min)

Fig 4.12: CPA-induced in situ TG2 activity in H9c2 cells. Cells were incubated  with 1

mM biotin - X-cadaverine (B XC) for 6 h, after which they were treated with (A)
CPA for 1, 5, 10, 20, 30 or 40 min or (B) the indicated concentrations (in M) of CPA for
10 min. TG2 -mediated biotin - X-cadaverine incorporation into intracellular pro teins was
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visualized using FITC-ExtrAvidin © (green). Nuclei were stained with DAPI (blue) and
viewed using a Leica TCS SP5 Il confocal microscope (20x objective lens). Images
presented are from one experiment and representative of three independent

experim ents. Quantified  data points for (C) time course and (D) concentration -
response curve experiments represent the mean + S.E.M. of fluorescence intensity

relative to DAPI stain for five fields of view each from three independent experiments

*P<0.05, ** P<0.01and***  P<0.0001 versus control response.

>
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Fig 4.13:  Adenosine -induced in situ TG2 activity in H9c2 cells. Cells were incubated
with 1 mM biotin - X-cadaverine (B XC) for 6 h, after which they were treated with (A)
100 T M ade@dO) forel, 5 10, 20, 30 or 40 min or (B) the indicated
concentrations (in M) of adenosine for 10 min. TG2 -mediated biotin -X-cadaverine
incorporation into intracellular proteins was visualized using FITC-ExtrAvidin ® (green).
Nuclei were stained with DAPI (blue ) and viewed using a Leica TCS SP5 Il confocal
microscope (20x objective lens). Images presented are from one experiment and
representative of three independent experiments. Quantified data points for (C) time
course and (D) concentration -response curve experiments represent the mean =+
S.E.M. of fluorescence intensity relative to DAPI stain for five fields of view each from
three independent experiments . *P<0.05, ** P<0.01, *** P<0.001 and **** P<0.0001
versus control response.
To confirm the involvement of the A;R and G ,-proteins, cells were treated with the

AiR selective antagonist DPCPX (1 uM) for 30 min and G ,-protein inactivating
pertussis toxin (100 ng/ml) for 16 h prior to incubation with either CPA (100 nM) or
adenosine (100 1 M) -tfeamentdf@ellswitm . DPCPX and PTX resulted in

the complete inhibition of CPA - and adenosine -mediated biotin -X-cadaverine
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incorporation into protein substrates (figure 4.1 4), confirming that the induced TG2

activity was mediated by the AiR.

DPCPX PTX DPCPX PTX

8- - CPA - adenosine + adenosine

aﬂﬂ

intensity

24 e prrrx
T T T
> \a

¢ & &

Relative fluorescence
intensity
<

Relative fluorescence

o

AN
©) 3
& &

Y
QQ

Fig 4.1 4: Effect of the A ; adenosine receptor selective antagonist DPCPX and Gj,-
protein inactivating pertussis toxin on in situ TG2 activity. H9c2 cells were pre -treated
for 30 min with the selective A 1 adenosine receptor antagonist DPCPX (1 uM) or 16 h

with G, - protein inactivating pertussis toxin (100 ng/ml) prior to 10 min stimulation
with CPA (100 nM) or adenosine (100 uM). Cells were subsequently lysed with 0.1 M
Tris buffer pH 8.0 containing protease and phosphatase inhibitors and cell lysates

subjected to biotin cadaverine amine incorporation assay (panel s A and C) or peptide
cross -linking assay (panels Band D). Data points represent the mean = S.E.M for TG2

specific activity from four independent experiments ¥Rk P<0.0001, (a) versus control
and (b) versus 100 nM CPA or 100 uM adenosine alone.

To confirm the involvement of TG2 activation, cells were treated with the TG2
inhibitors Z -DON (150 uM) and R283 (200 uM) for 1 h prior to incubation with either
CPA (100 nM) or adenosi ne ( lteltmentMcells with Z 1 0DONi n .

and R283 resulte d in the complete inhibition of CPA -mediated biotin -X-cadaverine
incorporation into protein substrates (figure 4.1 5A). The insitu responses to CPA were
also attenuated by inhibitors of PKC (Ro 31 -8220;10 T M) , MEK1 ( RED 19M8)0,5 9

p38 MAPK inhibitor (S B 203580 ;20 ¥ M), JNK1/2 inhibi;20i M{asdP 60

following removal of Ca 2" (figure 4.15).
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Fig 4.1 5: Effects of TG2, PKA, ERK1/2, p38 MAPK, JNK1/2

inhibitors and removal of

Ca? on in situ TG2 activity in H9c2 cells following stimulation with

CPA. Cells were

incubated with 1 mM biotin

-X-cadaverine (  BXC) for 6 h after which they were treated

as follows: (A)

1 h with the TG2 inhibitors Z

-DON (150 pM) or R283 (200 pM), (B) 30

-8220 (10 pM), (C)

30 min with

min with PD 98059 (50 puM) or Ro 31
pM) or SP 600125 (20 pM), and (D) in the absence of extracellular Ca
(nominally Ca ? -free Hanks/HEPES buffer containing 0.1 mM EGTA) or pre
for 30 min with 50 pM BAPTA/AM and in the absence of extracellular Ca

Ca** -free Hanks/HEPES buffer containing 0.1 mM EGTA) to chelate intracellular Ca
TG2-mediated biotin
using FITC-ExtrAvidin ® (green).

prior to 10 min stimulation with CPA (100 nM).
incorporation into intracellular protei ns was visualized

100

SB 203580 (20
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Nuclei were stained with DAPI (blue) and viewed using a Leica TCS SP5 Il confocal
microscope (20x objective lens). Images presented are from one experiment and are
representative of three independent experi ments. Quantified  data points represent the
mean + S.E.M. of fluorescence intensity relative to DAPI stain for five fields of view

from each of three independent experiments . *¥* P<0.001 and *** *P<0.0001 , (a)
versus control and (b) versus 100 nM CPA alone.

Similarly, adenosine -mediated biotin -X-cadaverine incorporation into protein

substrates was sensitive to TG2 (Z -DON; 150 yM and R283 ; 200 uM), PKC (Ro 31 -
8220 ; 10 pM ), MEK1 /2 (PD 98059 ; 50 uM ), p38 M APK (SB 203580 ; 20 puM ), and
JNK1/2 (SP 600125 ;20 pM ) inhibitors and following the removal of Ca %" (figure 4.1 6).
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Fig 4.1 6: Effects of TG2, PKA, ERKZ1/2, p38 MAPK, JNK1/2  inhibitors and removal of
Ca? on in situ TG2 activity in H9c2 cells following stimulation with adenosine. Cells
were incubated with 1 mM biotin -X-cadaverine ( BXC) for 6 h after which they were
treated as follows: (A) 1 h with the TG2 inhibitors Z -DON (150 uM) or R283 (200 pM),

(B) 30 min with PD 98059 (50 uM) or Ro 31  -8220 (10 pM), (C) 30 min with SB
203580 (20 pM) or SP 600125 (20 puM), and (D) in the absence of extracellular Ca z
for 30 min (nominally Ca  ?*-free Hanks/HEPES buffer containing 0.1 mM EGTA) or pre -
incubated for 30 min with 50 uM BAP TA/AM and in the absence of extracellular Ca z
(nominally Ca ?*-free Hanks/HEPES buffer containing 0.1 mM EGTA) to chelate
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intracellular Ca 2", prior to 10 min stimulation with adenosine (ADO; 100 pM). TG2-
mediated biotin -X-cadaverine incorporation into int racellular proteins was visualized
using FITC-ExtrAvidin ® (green). Nuclei were stained with DAPI (blue) and viewed

using a Leica TCS SP5 Il confocal microscope (20x objective lens). Images presented
are from one experiment and are representative of three independent experiments.

Quantified data points represent the mean + S.E.M. of fluorescence intensity relative

to DAPI stain for five fields of view from each of three independent ex periments .
*** P<0.001 and *** *P<0.0001 , (a) versus control and (b)
alone.

4.6 AR induced TG2 phosphorylation

The effect of CPA on TG2 phosphorylation was examined via immunoprecipitation of

TG2, followed by SDS -PAGE and Western blot analysis using anti -phosphoserine and
anti - phosphothreonine antibodies. As shown in figure 4.17 and 4.18, CPA (100 nM)
enhanced the phosphoserine and phosphothreonine residues within TG2 . Pre-
treatment with Ro 318220 (10 pM), PD 98059 (50 pM) and SP 600125 (20 pM)
attenuated CPA -induced TG2 phosphorylation (figure 4.17 and 4.18). However, SB

203580 (20 uM) had no significant effect on CPA-induced TG2 phosphorylation (figure
4.18).
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Fig 4.17. Effect of PKC and ERK1/2 inhibition on CPA

Where indicated, H9c2 cells were incubated for 30 min with

-induced phosphorylation of TG2.
Ro 318220 (10 uM)  or PD

98059 (50 uM) prior to stimulation with CPA (100 nM) for 10 min. Following

stimulation, cell lysates were subjected to immunoprecipitation using

monoclonal antibody as described in section

immunoprecipitated pr
blotting using

otein(s) we re subjected to
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10% of the input was added to the first lane to show the presence of phosphorylated

proteins prior to immunopre cipitation and negative controls with the
immunoprecipitation performed with beads or IgG only were included to demonstrate

the specificity of the bands shown. Quantified data for formoterol -induced increases in
TG2-associated serine and threonine phosphor ylation are expressed as a percentage

of that observed in control cells (100%). Data points represent the mean ° S.E.M.
from three independent experiments. * P<0.05, * P<0.01 and *** P<0.001 (a) versus
control and (b) versus CPA alone.
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Fig 4.18: Effect of p38 MAPK and JNK1/2 inhibition on CPA -induced phosphorylation of
TG2. Where indicated, H9c2 cells were incubated for 30 min with SB 203580 (20 uM)
or SP 600125 (20 uM) prior to stimulation with CPA (100 nM) for 10 min. Following
stimulation, cell lysates were subjected to immunoprecipitation using an anti -TG2
monoclonal antibody as described in section 2.7 of chapter Il. . The resultant
immunoprecipitate  d protein(s) were  subjected to SDS-PAGE and analy sed via Western
blotting using  (A) anti -phosphoserine and (B) and anti -phosphothreonine antibodies.
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10% of the input was added to the first lane to show the presence of phosphorylated

proteins prior to immunoprecipitation an d negative controls with the
immunoprecipitation performed with beads or IgG only were included to demonstrate

the specificity of the bands shown. Quantified data for formoterol -induced increases in
TG2-associated serine and threonine phosphorylation are e xpressed as a percentage
of that observed in control cells (100%). Data points represent the mean ° S.E.M.
from three independent experiments. * P<0.05 and ** P<0.01 (a) versus control and (b)
versus CPA alone.

In conclusion, the data shown in this chapter provide sufficient evidence that supports
the notion that TG2 activity is modulated by the A, adenosine receptor in mitotic H9c2

cells via a multi kinase dependent pathway.

4.7 Discussion

The aim s of this chapter were to identify if TG2 is modulated by the A; adenosine
receptor in H9c2 cells and to determine  the molecular mechanisms underlying this
modulation

In vitro modulation of TG2 by the AR:

Recently Almami and colleagues reported that PMA ( a PKC activator) triggers

increases in TG2 -mediated transamidase activity in H9c2 cells (Almami et al, 2014).

Hence, it was of interest to investigate if the A:R, which couples to PKC, could
modulate TG2 -mediated transamidase activity in rat H9c2 cardiomyo blasts. Activation
of the A;R with the selective agonist CPA or the endogenous agonist adenosine
triggered time - and concentration -dependent increases in the amine -incorporating and
protein cross -linking activity of TG2 (figures 4.1 and 4.2). It was observ ed that there
was a trend towards a decrease in both amine incorporation and protein cross -linking
activities of TG2 at 1 min following activation of A;R using CPA and adenosine. At
present, it is not known how A 1R activation promotes an apparent inhibition of TG2
amine incorporation activity . Moreover, experiments performed with the selective A;R
antagonist DPCPX and the Gi, - protein inactivating pertussis toxin further clarify that
the responses obtained occur through the A;R and Gj,-protein -mediated signalling
(figure 4.3 and 4.5). Finally, involvement of TG2 was confirmed as responses to
agonists were blocked by R283 and Z -DON, two structurally different TG2 inhibitors
(Freund et al, 1994; Schaertl et al, 201 0; figure 4.3). It should be noted that these
TG2 inhibitors are poorly cell -permeable and inhibition of cellular TG2 is only
achievable at concentrations significantly above their IC 50 value versus purified
enzyme (Schaertl et al, 2010; Freund et al, 1994). Hence , from these results, it is
clear that the  A;R is able to modulate TG2 mediated amine - and peptide -incorporating

activities.

At present there is insufficient knowledge regarding the regulation of TG2 enzymatic

activity by GPCRs. Some examples in th e literature include muscarinic receptor -
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mediated increases in TG2 activity in SH -SY5Y cells (Zzhang et al, 1998) and 5 -HT,,
receptor mediated transamidation (TG -catalysed) of the small G -protein Racl in the
rat A1Alv cells (Dai et al, 2008). Zhang and colleagues (1998) measured in situ TG2
activity (polyamine incorporation) triggered by the muscarinic agonist carbachol,

whereas Dai and colleagues (2008) reported TG2 -catalysed incorporation of 5 -
hydroxytryptamine into Racl. 5 -HT,5 recep tor - mediated incorporation of 5 -HT into the
small GTPases RhoA and Rab4 was also observed in platelets (Walther etal, 2003). It

has been suggested that 5 -HT,s and muscarinic receptor -mediated release of Ca 2

from intracellular Ca %

activity (  Zhang etal, 1998; Walther etal, 2003).

stores might be respons ible for triggering TG transamidating

Role of extracellular Ca 2" in A;R-induced TG2 activation
The amine - and peptide -incorporating activities of TG2 are dependent upon Ca 2
(Slaughter et al, 1992 ; Trigwell et al, 2004 ), therefore the role of extracellular and

2+

intracellular Ca in A;R-induced TG2 activation was investigated. Although coupled to

Gio -proteins, the  A;R directly stimulates inositol phospholipid hydrolysis and Ca 2
signalling through G-pr ot eg suburiit -mediated activation of phospholipase C in

DDT ;MF-2 cells, rat ventricular myocytes, rat atria and mouse heart (White etal, 1992;
Dickenson & Hill, 1993, Dickenson et al, 1995; Sterin -Borda et al, 2002; Fenton et al,
2010). Removal of extracellular Ca %" inhibited CPA - and adenosine -induced TG2 -
mediated amine - and peptide -incorporating activities (figure 4.4). As shown in chapter

Il (see figures 3.4 and 3.5), CPA and adenosine triggered increases in intracellular

Ca?* levels in H9c2 cel Is loaded with Fluo -8 AM which were characterised by

2+

pronounced Ca oscillations and abolished following removal of extracellular Ca # As

the A;R-induced TG2 activation was also abolished following removal of extracellular

Ca?", it suggests that  extracellular Ca 2

has an important role in modulation of TG2.
Further studies are warranted to determine precisely how A;R-induced Ca*' influx and
TG2 activation occur in H9c2 cells. However, it is known that the A;R promotes
receptor -operated Ca?" influx in cardiomyocytes via a phospholipase C and PKC -
dependent pathway (Sabourin et al, 2012) and hence the kinase -dependent pathways
outlined in the present study could be central to these novel aspects of TG2

modulation by the  A;R.

Role of protein kinase s in A;R-induced TG2 activity :

The role of PKC and other protein/lipid kinases in CPA - and adenosine -induced TG2
activation were investigated using appropri ate pharmacological inhibitors. Even though
TG2 activity can be modulated by intracellular [Ca #1 changes, there is growing
evidence that TG activity can also be regulated by phosphorylation ( Bollag et al, 2005;
Mishra et al, 2007 ). PKB was not activated following stimulation of AR (figure 4.10)
suggesting that  this pathway is not involved. Similarly, the pan Pl -3K inhibitors LY

294002 and wortmannin did not have any effect on A;R induced TG2 activation  (figure
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4.11) , further confirming  that these protein kinases  are not involved . As illustrated in
figure 4. 6, CPA and adenosine induced robus t increases in ERK1/2. The broad
spectrum PKC inhibitor Ro 31  -8220 and the MEK1/2 (up -stream activator of ERK1/2)
inhibitor PD 98059 completely abolished CPA and adenosine -induced TG2 activity
(figure 4.7), suggesting prominent roles for PKC and ERK1/2 . Although ERK1/2 has
been implicated in regulating the cross -linking activity of TG1 (Bollag et al, 2005)
there is no prior evidence suggesting a role for this protein kinase in TG2 regulation. It

is interesting to note that ERK1/2 activation by the A1R is sensitive to PKC inhibition in
both neonatal rat cardiomyocytes (Germack and Dickenson, 2004) and H9c2 cells

(Fretwell and Dickenson, 2009) and, therefore, the role of PKC in TG2 activation may

be up -stream of ERK1/2.

As indicated in figure 4.8, CPA and adenosine also induced robust activation of p38
MAPK and JNK1/2. The p38 MAPK and JNK1/2 inhibitors SB 203580 and SP 600125
blocked CPA and adenosine -induced TG2 activation (figure 4.9), further confirming the

role of these protein kinases. Previous studie s have shown activation of p38 MAPK
occurs upon stimulation of AR in adult rat ventricular myocytes, Langendorff -perfused
rat hearts, isolated rabbit ventricular myocytes and a human cardiomyocyte -derived
cell line (Carroll and Yellon, 2000; Dana et al, 2 000; Mocanu et al, 2000; Liu and
Hofmann, 2003; Ballard  -Croft et al, 2005). In all of these cases, activation of p38 by

the A ;R was crucial for A ;R-mediated preconditioning against ischaemia -reperfusion
injury. Furthermore, activation of JNK1/2 following s timulation of A ;R is not known to
occur in cardiac cells. However, there are several studies reporting activation of

JNK1/2 following stimulation of A 1R in rat hippocampus (Burst et al, 2007; Chen et al,

2014, Stockwell et al, 2017).

There appears to be general constitutive activity of the enzyme TG2 in H9c2 cells. This

activity could be a result of constitutive activity of the AR or that TG2 is regulated by
other constitutively active GPCRs. However, this is unlikely as there have be en no
studies investigating constitutive activation of GPCRs in H9c2 cells. There also seems
to be a trend that the protein kinases assessed in this study can lower TG2 basal

activity. As mentioned previously, there are some examples of TG2 being modulated

by GPCRs and therefore, these kinases could be activated by a different GPCR (apart

from A ;R) and modulate the basal activity of TG2. Furthermore, it is possible that TG2

activity is not only modulated by GPCRs but also by other receptors that activate

protein kinases e.g. Receptor Tyrosine Kinases (RTKs; Sivaramakrishnan et al, 2013),

post -translational maodifications (phosphorylation; Mishra and Murphy, 2006 ) and
direct activation of kinases by intracellular peptides (such as polyubiquitin chains; Xia

et al, 2009). Therefore it is not surprising that the basal TG2 activity is lowered when

treated with inhibitors of protein kinases on their own. Overa ll, these data suggest

that the AR regulates TG2 activity in H9c2 cells via a multi -protein kinase dependent
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pathway . Although protein kinase inhibition and removal of extracellular Ca # poth
inhibit A;R-induced TG2 activat ion, the relationship between the two is yet to be

explored .

A:R-induced phosphorylation of TG2

Given the apparent role of multiple serine/threonine kinases in modulation of TG2, it
was of interest to investigate the phosphorylation status of TG2 following AiR
stimulation. The data obtained demonstrate that TG2 is phosphorylated in response to

A;R activation (figure 4.17 and 4.18). Hence, the modulation of TG2 phosphorylation

may representa prominent downstream target of  A;R signalling. Previous studies have
revealed that TG2 is phosphorylated by PKA at Ser 215 and Ser #'® (Mishra and Murphy,
2006) and at an unknown site(s) by PTEN -induced putative kinase 1 (PINK1; Min et al,
2015). It is also known that phosphorylation of TG2 by PKA at Ser 218 inhibits its
transamidase activity and enhances its kinase activity (Mishra et al, 2007; Wang et al,

2012). Phosphoproteomic studies have also identified numerous phosphorylation sites

in human (Ser °¢, Ser ®©, Tyr 229 Thr 38 Tyr %° Ser ° Ser *¥, Ser **®, Ser** and Ser %;
Rikova et al, 2007; Imami et al, 2008; Kettenbach et al, 2011; Bian et al, 2014;

Palacio s-Moreno et al, 2015) and rat (Tyr 4 Thr %8, Ser ® and Ser **; Hoffert et al, 2006;
Lundby et al, 2012)  TG2. Therefore, it is of great interest to identify the specific serine

and threonine residue(s) within TG2 that are phosphorylated following A;R activation

as well as the functional consequence(s) of A;R -induced TG2 phosphorylation.

Given the multi ple protein kinases implicated in A:R-induced TG2 activation , the
influence of protein kinase inhibitors on TG2 phosphorylation were also investigated
CPA-induced increases in TG2 serine and threonine phosphorylation were significantly

reduced following  pharmacological inhibition of PKC ( Ro 31 -8220), MEK1/2 (PD 98059 )
or JNK1/2 (SP 600125) . However , further studies are required to confirm  whether
these protein kinase s directly catalyse the phosphorylat ion of TG2. It is notable that
the p38 MAPK inhibitor SB203580 did not attenuate TG2 phosphorylation despite

being able to block A;R-induced TG2 activat ion, suggesting that  p38 MAPK modulates
other t argets involved in  TG2 activation . Finally, as TG2 possesses kinase activity, it is
conceivable that CPA -induced increases in TG2 -bound serine and threonine
phosphorylation may involve auto -phosphorylation . However, further work to identify

the phosphoryla tion site(s) involved in auto -phosphorylation and phosphorylation

following A;R activation would be of value and necessary.

In situ  A;R-induced polyamine incorporation into protein substrates

In situ TG2 activity following A;R stimulation increased in a time - and concentration -
dependent manner, which was comparable to CPA - and adenosine -induced amine
incorporation activity observed in vitro (figure 4.12 and 4.13). The role of the A;R and

Gio -proteins in inducing in situ TG2 activity was confirmed using the selective AR

110



antagonist DPCPX and the G, - protein inactivating pertussis toxin , which were able to
reverse in situ TG2 activity (figure 4.14). However, given the covalent nature of
biotin - X-cadaverine incorporation into protein substrates, it was surprising to observe

that insitu TG2 activity returned to basal levels after 40 min. Possible explanations for
this include reversal of amine incorpor ation catalysed by TG (Stamnaes et al, 2008),
targeting of  biotin -cadaverine -labelled proteins for degradation or the ir rapid expu Ision
from the cell. The rapid exp ort of biotin -cadaverine -labelled proteins from PMA - or
forskolin -stimulated H9c2 cells  has been previously observed (Almami etal ., 2014), so
a similar mechanism may be occurring following AR activation . The r ole of TG2 in in
situ A;R-induced polyamine incorporation into protein substrates was confirmed using

TG2 inhibitors Z -DON and R283, which were able to significantly reverse in situ TG2
activity (figures 4.15A and 4.16A). AiR-induced in situ TG2 responses were also
sensitive to  pharmacological inhibition of PK  C (Ro 31 -8220 ), MEK1/2 (PD 98059), p38
MAPK (SB203580 ), JNK1/2 (SP 600125) and removal of Ca?* (figures 4.15 and 4.16),
confirming the role of these signalling pathways . In summary, these data demonstrate

that A;R mediated incorporation of polyamines via TG2 is dependent up on range of

protein kinases.
In conclusion, this present study has revealed that A;R-mediated activation of TG2

occurs via a multi  -protein kinase pathway in H9c2 cells. Figure 4.19 and table 4. 2

summarises the findings of this chapter.
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Table 4.2:  Summary of the effect of treatments on A 1R-induced TG2 activities

A1R-induced TG2 activation

Amine peptide

TG2 activity . - e in -situ
incorporation crosslinking
Treatments CPA ADO CPA ADO CPA ADO
17 MDPCPX Y Y Y Y Y Y
150 T MZ-DON Y Y Y Y Y Y
200 T MR283 Y Y Y Y Y Y
Nominally Ca %" -free Hanks/HEPES
buffer containing 0.1 mM EGTA Y Y Y Y Y Y
50 T MBAPTA-AM in nominally
Ca?* -free Hanks/HEPES buffer Y Y Y Y Y Y
containing 0.1 mM EGTA
100 ng/ml PTX Y Y Y Y Y Y
50 T MPD 98059 Y Y Y Y Y Y
10 T MRo 31 -8220 Y Y Y Y Y Y
20 T MSB 208530 Y Y Y Y Y Y
20 7 MSP 600125 Y Y Y Y Y Y
30 T MLY 294002 N N N N
100 nM Wortmannin N N N N
Effects of a range of treatments used in this study were investigated for TG2 amine
incorporating , peptide crosslinking and in-situ activities in H9c2 cells , following
stimulation with either CPA or adenosine. H9c2 cells were treated with above

mentioned treatments in presence of CPA ( 100 nM) or adenosine (ADO; 100 )am
cell lysates subjected to determine TG2 amine incorporating, peptide crosslinking and

in-situ activities  according to the protocols described in chapter Il section 2.3.
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Fig 4.19 : Summary of the findings presented in this study. Stimulation of the A
adenosine receptor (A ;R) by selective and endogenous agonists (CPA and adenosine,
respectively) triggers activation of protein kinases (PKC, ERK1/2, JNK1/2 and p38

MAPK) along with influx of extracellular Ca ?* leading to increases in TG2 ac tivity and
TG2 phosphorylation. Solid black arrows represent findings of this study and grey

arrows represent published findings (not from the present study).
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Chapter V: Modulation o f TG2 acti vi tywndremgceptorineH9c2

cells
This chapter aims to investi gat gadmermcbptdr @ imitobcn o f
H9c2 cells via TG2 amine incorporating and peptide crosslinking assays along with in-

situ TG2 activity. It also investigates the signalling mechanisms underlying its

modulation.
5.1 Effectof a,-AR activation on TG2 - mediated biotin cadaverine amine
incorporation and protein cross  -linking  activity

Initially the effect of the selective a,-AR agonist formoterol on TG2 activity in H9c2
cardiomyoblasts was investigated. H9c2 cells were treated with formoterol (100 nM)

for varying intervals of time and the cell lysates subjected to both biotin cadaverine

amine -incorporation assay (Slaughter et al, 1992) and biotin -labelled peptide (biotin -
TVQQEL) cross -linking assay (Trigwell et al, 2004). Formoterol (figure 5.1A) produced
increases in TG2 -catalysed biotin -cadaverine incorporation activity, peaking at 20 min.

In addition, formoterol ( pECsy, = 7.85 ° 0.09; n=4; figure 5.1C) stimulated
concentration -dependent increases in biotin  -cadaverine incorporation activity.
Formoterol also triggered time -dependent increases in TG2 -mediated protein cross -
linking activity peaking at 20 min (figure 5.1B), which was concentration -dependent
(PECs59 = 7.69 ° 0.15; n=4; figure 5.1D). Even though t h e,-AR couplesto G 5 and G;
proteins (Daaka et al, 1997; Zamah et al, 2002), p re-treatment with pertussis toxin
(Gjj-protein blocker; 100 ng/ml) for 16 h had no significant ef fect on formoterol -
induced TG2 activity (figure 5.1E and F). Similar to formoterol, the non -selective a-AR
agoni st i sopr enal itriggeredtrandient ildieases ing®2 catalysed biotin -
cadaverine incorporation and protein cross -linking activity,  peaking at 20 min (figure
5.2A and B). Furthermore, isoprenaline stimulated concentration -dependent increases
in both biotin -amine incorporation activity (figure 5.2C; pEC 50 = 6.13 ° 0.15; n=4)
and protein cross -linking activity (figure 5.2D; pEC 50 = 7.11 ° 0.17; n=4). Itis notable
that TG2 responses to isoprenaline were blocked by pertussis toxin indicating a role

for G i, - proteins (figure 5.2E and F).
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Fig 5.1: Effect of the a,-AR agonist formoterol  on TG2 activity in H9c2 cells. Cells
were stimulated with formoterol (100 nM) for the indicated time intervals (panels A

and B). Concentration -response curves for formoterol in cells treated with agonist for

20 min (panels C and D). Where indicated H9c2 ce lIs were pre -treated for 16 h with
100 ng/ml pertussis toxin (PTX) prior to 20 min stimulation with 100 nM formoterol
(panels E and F). Cell lysates were subjected to the biotin -cadaverine incorporation
(panels A, C and E) or the peptide cross -linking assa y (panels B, D and F). Data points
represent the mean + S.E.M. for TG2 specific activity from four independent
experiments. *P<0.05, * P<0.01, ** P<0.001 and **** P<0.0001, (a) versus control
response.
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