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Abstract

Extracellular ATP is one of the most common signalling molecules that induce an increase
in the intracellular Ca?* concentration ([Ca*]i) via P2 receptors, namely ligand-gated ion
channels P2X and/or G protein-coupled P2Y receptors. ATP is shown to evoke robust
Ca?* signalling in mesenchymal stem cells (MSCs) and regulate MSC proliferation,
migration and differentiation. However, there are noticeable discrepancies in the
mechanisms underlying ATP-induced Ca?* signalling and regulation of MSC functions.
Furthermore, the Ca®*-dependent downstream signalling pathways in ATP-induced
regulation of MSC functions are poorly understood. MSCs have been documented to
release ATP in response to mechanical stimulation, but the mechanism mechanosensing
and mediating ATP release remains elusive. The studies presented in this thesis, using
human dental pulp-derived MSCs (hDP-MSCs), aimed to investigate ATP-induced
purinergic Ca?* signalling and Ca?*-dependent signalling pathways in regulating cell
migration and adipogenic differentiation and examine the hypothesis that the
mechanically activated Ca®*-permeable Piezo1 channel regulates hDP-MSC migration via

ATP release and activation of the P2 receptors.

The study presented in chapter 3, first of all, showed that exposure to ATP increased cell
migration, using wound healing and trans-well migration assays. Exposure to BzZATP and
NF546, a P2Y11 selective agonist, also enhanced cell migration. ATP-induced cell
migration was inhibited by PPADS, a P2 generic antagonist. It was also reduced by KN-
93, a CaMKII inhibitor, chelerythrine chloride, a PKC inhibitor, and PF431396, a PYK2
inhibitor, and furthermore, by U0126, an inhibitor MEK/ERK, and SB202190, a p38
MAPK inhibitor. Collectively, these results provide evidence to confirm the recent
findings that extracellular ATP stimulates hDP-MSC migration and identify CaMKIl,
PKC, PYK2 and MAPKs as downstream signalling pathways in transducing ATP-induced
Ca?* signalling to cell migration.

The study in chapter 4 focused on the Piezol channel in hDP-MSCs. Piezol mRNA and
protein expression were detected using RT-PCR and immunostaining, respectively.
Exposure to Yodal, a chemical activator of the Piezol channel, elevated the [Ca?*]; via
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Ca?" influx. Yodal-induced Ca®* response was inhibited by ruthenium red and GsMTx4,
two structurally different Piezol inhibitors, or Piezol-specific siRNA, supporting the
functional expression of the Piezol channel. Exposure to Yodal stimulated cell migration,
which was inhibited by Piezol-specific sSiRNA. Yodal-induced cell migration was also
prevented by apyrase, an ATP-scavenger as well as PPADS, suggesting that Piezol
channel activation stimulates cell migration via ATP release and activation of the P2
receptors. Consistently, Yodal-induced cell migration was inhibited by KN-93,
chelerythrine chloride, PF431396, and U0126, indicating engagement of CaMKII, PKC
and PYK2 and MEK/ERK as Ca?*-dependent downstream signalling mechanisms.

The study presented in chapter 5 started with examining the molecular mechanisms
participating in ATP-induced Ca?" signalling. ATP-induced increase in the [Ca®']; in
extracellular Ca?*-containing solution was inhibited by PPADS. ATP and BzATP induced
increases in the [Ca?*]i in extracellular Ca®*-free as well as Ca?*-containing solutions.
ADP and NF546 also evoked an increase in the [Ca?']i. These results support a significant
role for the P2X7, P2Y1 and P2Y 11 receptors in ATP-induced Ca?* signalling. The study,
next, examined the expression of these receptors and also the P2Y2 receptor during
adipogenic differentiation. There was an increase in the P2Y1 and a decrease in the P2Y?2
MRNA expression, but no alteration in the expression of the P2Y 11 and P2X7 after hDP-
MSC adipogenesis. Exposure to ATP during adipogenesis resulted in a significant
increase in adipogenic differentiation, examined using oil red O staining and, furthermore,
up-regulation of the P2Y11 expression with no effect on the other receptors. Moreover,
ATP-induced adipogenic differentiation was reduced by KN-93 and PF431396,
suggesting the involvement of CaMKIIl and PYK2 in ATP-induced upregulation of

adipogenesis.

In summary, the studies presented in this thesis gain a better understanding of ATP-
induced Ca®" downstream signalling pathways in the regulation of MSC migration and
adipogenic differentiation, and also provide evidence to support an important role for the
Piezol channel in regulating MSC migration via ATP release and subsequent activation
of P2 receptors. Such information should be useful for the development of better use of

MSCs in tissue engineering and cell-based therapies.
Y
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CHAPTER 1

General Introduction

1.1 A brief introduction to Ca?* signalling

Virtually in all cell types, intracellular calcium ion (Ca?*) is a well-defined primary second
messenger to initiate signalling cascades in the control and regulation of diverse events
ranging from fertilization, embryonic development, cell proliferation, differentiation,
migration, death, muscle contraction, to gene expression (Berridge et al., 2000; Berridge
et al., 2003; Ding et al., 2012; Lembong et al., 2017; Morrell et al., 2018). Concentrations
of the intracellular Ca?* ([Ca?*];) can range from ~100 nM under rest conditions (Clapham,
2007), while the concentration of extracellular Ca?* is ~1-2 mM (Samtleben et al., 2013)
and, therefore, there is a large Ca?*gradient between inside and outside the cell. There are
several mechanisms to maintain the basal [Ca?*];, such as the plasma membrane Ca?*-
ATPase pump and the sodium ion (Na*)-Ca?* exchanger that involves driving cytosolic
Ca?" out of the cell and also the sarcoplasmic/endoplasmic reticulum Ca?*-ATPase
(SERCA) pump that is crucial for transporting cytosolic Ca®* into the endoplasmic
reticulum (ER) or sarcoplasmic reticulum (SR) in muscle cells (Clapham, 2007). A variety
of extracellular chemical, mechanical and biological stimuli have been shown to regulate
intracellular Ca?* signalling via acting on specified mechanisms or coupling intrinsic
signalling mechanisms (Bootman, 2012; Kim et al., 2015; Artemenko et al., 2016).
Numerous mechanisms have been identified that increase in the [Ca?*]i via stimulating
extracellular Ca®* influx or intracellular Ca?* release (Berridge et al., 2000; Kawano et al.,
2002; Berridge et al., 2003). The former mechanism model demonstrated extracellular
Ca?" entry is mediated via plasma membrane Ca?* permeable ion channels (Berridge et al.,
2000; Kawano et al., 2002; Clapham, 2007; Coste et al., 2010). Subsequently, the later
mechanism established intracellular Ca?* release occurs from the ER that represents the
largest intracellular Ca?* store (Berridge et al., 2003), with the Ca?* concentration to be
~100-800 uM (Samtleben et al., 2013).



Extracellular nucleotides, particularly adenosine 5’-triphosphate (ATP), act as autocrine
and/or paracrine signalling molecules leading to an increase in the [Ca?*]i. ATP-induced
increase in the [Ca?*]; is mediated by the P2 family of purinergic receptors located on the
cell surface (Burnstock and Ulrich, 2011). According to the pharmacological, functional
and molecular properties, P2 receptors can be further divided into two distinctive
subfamilies, namely P2X and P2Y (Ralevic and Burnstock, 1998). The P2X receptors are
ionotropic receptors that function as ATP-gated Ca?*-permeable cationic channels (North,
2002), whereas the P2Y receptors are metabotropic receptors that are coupled to the
trimeric guanosine nucleotide-binding proteins (G-proteins) and thus belong to the G-
protein-coupled receptors (GPCRS) superfamily (Abbracchio et al., 2006). ATP-induced
P2 purinergic signalling with a consequent increase in the [Ca?*]; can initiate intracellular
signalling pathways and thereby determine or regulate a wide array of cellular functions
(North, 2002; Burnstock and Ulrich, 2011).

Cells are continuously exposed to mechanical forces that are integrated by the plasma
membrane, cytoskeleton, extracellular matrix (ECM), adhesion proteins and ion channels
to influence biological processes at the molecular and cellular levels, such as gene
expression, adhesion, migration and cell fate, which are essential to maintain tissue
homeostasis (Kim et al., 2009). It has been extensively documented that ATP is released
from different cell types in response to various physical, chemical and biological stimuli.
Mechanical stimulus is well-recognized to cause ATP release and subsequent increase in
the [Ca?']; (Katz et al., 2006; Riddle et al., 2007; Katz et al., 2008; Sun et al., 2013; Weihs
etal., 2014; Shibukawa et al., 2015: Wang et al., 2016; Albarran-Juérez et al., 2018). The
Piezol channel, a newly-discovered mechanosensitive or mechanically activated Ca®*-
permeable cationic channel (Coste et al., 2010; Coste et al., 2012), has been shown to
sense mechanical stimuli and transduce into intracellular Ca?* signals via mediating
extracellular Ca?* influx (Miyamoto et al., 2014; Hung et al., 2016). Interestingly,
emerging evidence also supports a role of the Piezol channel in mediating mechanical
induction of Ca?* signalling via ATP release and subsequent activation of P2 receptors
(Wang et al., 2016; Albarran-Juarez et al., 2018).



In this Introduction chapter, 1 will firstly present an overview of the P2 receptors and their
roles in ATP-induced Ca?* signalling, and also the Piezo1 channel and its role in mediating
mechanical induction of ATP release and subsequent activation of P2 purinergic
signalling. Secondly, I will introduce mesenchymal stem cells (MSCs), which the research
described in this thesis will focus on, and discuss the current knowledge regarding the
expression of P2X and P2Y receptors and Piezol channel in MSCs, and their roles in the
regulation of MSC functions. It is well-recognized that Ca?* signalling regulation of cell
functions depends on Ca?*-sensitive protein kinases and downstream signalling pathways.
Therefore, in the final section, | will discuss the roles of Ca?*-sensitive protein kinases and

downstream signalling pathways in the regulation of MSC functions.

1.2 ATP-induced purinergic Ca?* signalling
1.2.1 ATP release and metabolism

ATP is better known to be present intracellularly as the main source of cellular energy and
indispensable for a living cell. Extracellular ATP was proposed as a signalling molecule
mediating purinergic neurotransmission in 1972 by Burnstock (Burnstock et al., 1972), a
concept that remained controversial until molecular identification of the first receptors for
ATP in early 1990 (Burnstock, 2013). The cytosolic concentration of ATP is in the range
of 2-5 mM (Orriss et al., 2009), whereas the concentration of extracellular ATP
surrounding cells under in vitro culture conditions or in vivo is in the nanomolar range
(Praetorius and Leipziger, 2009). It is well-recognized that ATP is released from most cell
types into the extracellular milieu at the site of tissue damage and inflammation. ATP is
also released from healthy cells, as has shown in neurons, astrocytes, endothelial cells,
urothelial cells, macrophages, osteoblasts and odontoblasts (Bowler et al., 2001; Bodin
and Burnstock, 2001; Lazarowski, 2003; Agresti et al., 2005a; Abbracchio et al., 2006;
Orriss et al., 2009; Praetorius and Leipziger, 2009; Lazarowski, 2012; Tu et al., 2014).
Although the mechanisms mediating ATP release are not fully understood, several release
mechanisms have been proposed, such as transportation via ATP-release channels
including connexion hemi-gap junction channels and pannexin channels, ATP-binding
cassette (ABC) transporters, and secretion via exocytosis of ATP-containing vesicles as

well as plasma membrane-derived ATP-containing macrovesicles (Figure 1.1A)
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(Schwiebert, 2001; Bodin and Burnstock, 2001; Striedinger et al., 2007; Burnstock and
Verkhratsky, 2009; Praetorius and Leipziger, 2009; Dou et al., 2012; Lohman and Isakson,
2014; Egbuniwe et al., 2014; Di Virgilio and Adinolfi, 2017). There is evidence that
intracellular Ca2* can trigger the vesicular release of ATP (Striedinger et al., 2007;
Praetorius and Leipziger, 2009; Dou et al., 2012).

Almost all cell types, including MSCs, express a group of plasma membrane ecto-
enzymes that catalyze ATP hydrolysis (Figure 1.1B) (Abbracchio et al., 2006; Jiang et al.,
2017a). Thus, extracellular ATP is readily hydrolyzed into adenosine diphosphate (ADP),
adenosine monophosphate (AMP) and adenosine by members of the ecto-nucleoside
triphosphate diphosphohydrolases (E-NTPDases) family, such as E-NTPDase 1 (apyrase
or CD39) and NTPDase 2 (ecto-ATPase or CD39L1). ATP can be converted to AMP by
the ecto-nucleotide pyrophosphohydrolases/phosphodiesterases (E-NPPs) family, and
AMP to adenosine by ecto-5’-nucleotidases (CD73).
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Figure 1.1 Proposed mechanisms mediate ATP release and degradation

(A) ATP can be released into extracellular space via ATP-containing vesicles
(exocytosis), plasma membrane-derived macrovesicles. ATP can be also transported out
of the cell through connexion hemi-gap junction and pannexin channels, ATP-binding
cassette (ABC), or through P2X7 receptor (adapted from Di Virgilio and Adinolfi, 2017).
(B) Extracellular ATP is hydrolyzed to AMP and pyrophosphate (PPi) by ecto-nucleotide
pyrophosphohydrolase/phosphodiesterase (E-NPP) that possesses a short N-terminal
intracellular domain, a single transmembrane domain, and a large extracellular domain,
and to ADP, AMP and phosphate (Pi) by ecto-nucleoside triphosphate
diphosphohydrolase (E-NTPDase) that possesses N- and C-terminal transmembrane
domains. AMP is further hydrolyzed to adenosine and Pi by a
glygosylphosphatidylinositol-anchoring phospholipid ecto-5’-nucleotidase (adapted from
Yegutkin, 2008).
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1.2.2 P2X receptors

As introduced above, P2X receptors are ATP-gated Ca?*-permeable cationic channels that
upon activation mediate Ca®* influx to elevate the [Ca?*]i (Figure 1.2A). P2X-mediated
influx of Na* and Ca?" and efflux of potassium ions (K*) can also cause membrane
depolarization that induces activation of voltage-gated Ca®" channels, particularly in
excitable cells, to increase the [Ca?*]i (North, 2002). Since this mechanism does not
involve production and diffusion of a second messenger within the cytosol or plasma
membrane, the P2X receptors mainly mediate rapid responses to extracellular ATP
(Burnstock et al., 2010).

Seven distinctive mammalian genes have been identified to encode seven P2X receptor
subunits (P2X1-P2X7), which range in length from 384 (P2X4) to 595 (P2X7) amino acid
residues (North, 2002; North and Jarvis, 2013). The P2X receptors are trimeric protein
complexes. Each subunit possesses similar membrane topology consisting of intracellular
N- and C-termini, and two a-helical transmembrane segments (TM1 and TM2) connected
by a large extracellular loop composed of ~ 280 amino acid residues (Figure 1.2B) (Hattori
and Gouaux, 2012). P2X1-P2X7 can form functional homotrimeric receptors, with the
exception of P2X6 (Kaebisch et al., 2015). Except for P2X7, they can also assemble
heterotrimeric receptors, for examples, P2X1/2, P2X1/4, P2X1/5, P2X2/3, P2X2/4,
P2X2/5, P2X2/6 (Jiang, 2012; Kaebisch et al., 2015). Three ATP molecules bind to the
extracellular part of P2X receptors at the inter-subunit interface. ATP binding induces
conformational changes in the extracellular part that are transduced to the transmembrane
domains, leading to the opening of the ion-permeating pathway that is formed by the TM2
segment from each of the three subunits (Figure 1.2B) (Hattori and Gouaux, 2012;
Mansoor et al., 2016).

The P2X receptors are exclusively activated by extracellular ATP with varying potency,
which is often determined by the ATP concentration that induces 50% of the maximal
response (ECso). The ECsg values of ATP range from 70 nM at the P2X1 receptor to >100
uM at the P2X7 receptor (Jarvis and Khakh, 2009). There are several synthetic ATP

analogues that act as the P2X receptor agonists.
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Figure 1.2 P2 purinergic receptor family and their architecture

(A) Extracellular ATP is an agonist for the P2X receptors, while ATP and its metabolite
ADP can activate the P2Y receptors. Activation of the P2X receptors results in an influx
of extracellular Na* and Ca?" and efflux of K*, thereby increasing the intracellular Ca2*
concentration and causing membrane depolarization. Activation of P2Y receptors leads to
signal transduction via PLC activation, IP3 generation and intracellular Ca®* release to
increase the intracellular Ca®* concentration, and alternatively coupled to activation or
inhibition of adenylate cyclase that regulates cAMP production (Adapted from Baroja-
Mazo et al., 2013). (B) The zebrafish P2X4 receptor structure, with each subunit
represented in a different color. Each subunit consists of short intracellular N- and C-
termini (which are truncated in the structure) and two domains joined by a large
extracellular loop. ATP, shown in sphere representation, binds to the subunit-interface and
causes conformational changes in the extracellular domains that are transduced to the
transmembrane domains, leading to opening the ion-permeating pathway (Adapted from
Hattori and Gouaux, 2012). (C) The human P2Y 1 receptor structure, illustrating the seven-
transmembrane helical domains with short extracellular N- and intracellular C-termini,
and binding of MRS2500 antagonist, shown in sphere presentation, to the extracellular N-
terminus (Adapted from Zhang et al., 2015).
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For example, 2-methylthioadenosine 5’-triphosphate (2-MeSATP), like ATP, activates all
P2X receptors, including P2X1 (ECso = 70 nM), P2X3 (ECs0 = 0.3 uM) P2X4 (ECso = 10
uM) and P2X7 (ECso = 100 uM) receptors. ao,B-methylene ATP (apMeATP) acts as an
agonist for P2X1 (ECso= 0.3 uM) and P2X3 (ECso= 0.8 uM) receptors. 2°,3’-O(benzoyl-
4-benzoyl)-ATP (BzATP) exhibits a potency (ECso = 20 uM) that is about 5 times greater
than ATP (ECso >100 uM) at the P2X7 receptors but is equipotent or less potent than ATP
at other P2X receptors, such as P2X1 (ECso = 0.3 nM) (Jarvis and Khakh, 2009).

Surmain and pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonate (PPADS) are two
generic antagonists that antagonize all P2X receptors, except the P2X4 receptor (Jarvis
and Khakh, 2009; Syed and Kennedy, 2012). PPDAS 2,5-disulfonate isomer, iso-PPADS,
is a selective antagonist for P2X receptors (Zhang et al., 2019). Numerous P2X subtype-
selective antagonists have been developed. For example, NF279, a suramin analogue, is a
P2X1 selective antagonist with the concentration that inhibits 50% of agonist-induced
receptor response (ICsp) of 9-19 nM (Rettinger et al., 2000; Jarvis and Khakh, 2009). It
can also antagonize other P2X receptors at micromolar concentrations, including P2X2
(ICs0~ 30 uM), P2X3 (ICs0 ~ 50 uM), P2X4 (ICs0 > 100 uM) and P2X7 (ICso ~ 20 uM)
(Rettinger et al., 2000; Jarvis and Khakh, 2009). PSB-12062 (ICso~1.4 uM) and 5-BDBD
(ICso ~ 1.6 uM) represent two P2X4 selective antagonists (Stokes et al., 2017). 2,3-O-
(2,4,6-trinitrophenyl) ATP (TNP-ATP) antagonizes P2X1 (ICso ~ 6 nM), P2X2 (ICso ~ 1
uM), P2X3 (ICso ~ 1 nM) and P2X4 (ICso ~ 15 uM) receptors (Jarvis and Khakh, 2009).
A large number of P2X7 selective antagonists have been identified (Jiang, 2012; Jiang, et
al., 2017b; Jiang et al., 2017a), including oxidized ATP (oxATP) (ICso ~ 100 uM) (North
and Jarvis, 2013), brilliant blue G (BBG) (ICso ~ 10-100 nM) (Jiang et al., 2000),
AZ11645373 (ICso ~ 5-20 nM), A438079 (ICso ~ 126-500 nM), A740003 (ICso ~ 18 nM),
KN-62 (ICsp ~ 40-130 nM) and AZ10606120 (ICso < 10 nM) (Jiang et al., 2012). Some of
these P2X7 antagonists are species-specific, for example, AZ11645373 (Stokes et al.,
2006) and KN-62 (Donnelly-Roberts et al., 2009) are human P2X7 (hP2X7), selective

antagonists.



The P2X receptors are expressed in many types of cells, both excitable cells like neurons
and muscle cells and non-excitable cells like bone cells, endothelial cells and immune
cells, where they mediate a variety of physiological processes, such as synaptic
neurotransmission, muscle contraction, regulation of blood pressure and immune
responses, and numerous pathophysiological processes, such as pain, inflammatory
diseases, and cancer metastasis (Jarvis and Khakh, 2009; Burnstock et al., 2010;
Burnstock, 2013; Burnstock, 2018). In addition, the P2X receptors have been shown to
regulate cell proliferation, differentiation and migration (Burnstock et al., 2010).
Interestingly, some studies indicated that the P2X7 receptor mediates ATP release in
different cell types (Figure 1.1A) (Suadicani, 2006; Brandao-Burch et al., 2012).

1.2.3 P2Y receptors

The P2Y receptors are 308 to 377 amino acid residues long (Abbracchio et al., 2006), and
the tertiary structure consists of seven transmembrane domains with short extracellular N-
and intracellular C-termini (Figure 1.2A and C) (Ralevic and Burnstock, 1998). There are
eight mammalian P2Y subtypes (P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11-P2Y14) that
exhibit preferential activation by different nucleotides (Ralevic and Burnstock, 1998;
Abbracchio et al., 2006) via binding to the extracellular N-terminus (Jacobson et al.,
2015). For instance, ATP activates the P2Y1, P2Y2, P2Y4 and P2Y11 receptors, ADP
activates P2Y1, P2Y12 and P2Y13 receptors, UTP activates the P2Y2 and P2Y4
receptors, UDP activates the P2Y6 receptor, and UDP and nucleotide sugars, such as
UDP-glucose and UTP-galactose, selectively activate the P2Y 14 receptor (Abbracchio et
al., 2006; Nishimura et al., 2017). ATP acts as a full agonist at the P2Y2 and P2Y11
receptors and partial agonist at the P2Y1 receptor (Burnstock, 2007; Jacobson et al., 2015;
von Kigelgen and Hoffmann, 2016). ATP may also act as an antagonist at the human, but
not rat, P2Y4 receptor (Kennedy et al., 2000).

There are several P2Y subtype selective agonists. For example, 2-methylthio-ADP (2-
MeSADP) (ECso ~ 8 nM) and (N)-methanocarba analogue of 2-MeSADP (MRS2365)
(ECs0~ 0.4 nM) (llatovskaya et al., 2013) are selective agonists with higher potency than

ADP (ECso ~ 8 uM) at the P2Y1 receptor (Webb et al., 1996). BzZATP can also act as a
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partial agonist at the P2Y1 receptor with an ECso of 8.7 uM (llatovskaya et al., 2013).
Moreover, there are several P2Y2 selective agonists, including 2-thio-UTP (ECso ~ 35
nM) (Ko et al., 2008), y-thiophosphate UTP (UTPyS) (ECso ~ 0.24 uM), diquafosol,
INS365 (Up4U) (ECso ~ 0.1 uM) (Jacobson et al., 2009) and diadenosine-tetraphosphate
(Ap4A) (ECso ~ 0.7 uM) (Lazarowski et al., 1995). Furthermore, it has been reported that
BzATP (ECso ~10 uM) and y-thiophosphate ATP (ATPyS) (ECso ~ 13.5 uM) are more
potent agonists than ATP (ECso ~ 65 uM) at the P2Y 11 receptor (Communi et al., 1999).
Nicotinamide adenine dinucleotide (NAD™) is a P2Y 11 receptor agonist in a concentration
range of 1-100 uM (Moreschi et al., 2006), and NF546 (ECso ~ 0.53 pM) is a potent
agonist for the P2Y11 receptor over the other P2Y receptors (Meis et al., 2010).

The P2Y receptors are antagonized by generic P2 antagonists, suramin (P2Y1, P2Y2,
P2Y6 and P2Y11-P2Y13) and PPADS (P2Y1, P2Y4, P2Y6 and P2Y13) (von Kigelgen
and Hoffmann, 2016). P2Y subtype-specific antagonists have been also developed. For
example, MRS2179 (ICso ~ 0.3 pM), MRS2279 (ICso ~ 52 nM) and MRS2500 (ICs0 ~ 1
nM) are P2Y 1 specific antagonists (Jacobson et al., 2009). PSB-416 (ICso ~ 22 uM) (von
Kiigelgen and Hoffmann, 2016), AR-C126313 (ICso ~ 1 uM) (Jacobson et al., 2009) and
AR-C118925XX (ICso~ 1 uM) (Rafehi et al., 2017) are P2Y2 specific antagonists. NF157
(ICs0~ 0.46 pM) (Ullmann et al., 2005) and NF340 (ICso ~ 0.37 uM) (Meis et al., 2010)
are P2Y11 specific antagonists.

In contrast to the P2X receptors, the responses mediated by the P2Y receptors are usually
longer due to the fact that they are coupled to the trimeric G-proteins (composed of a, B
and vy subunits) to generate intracellular second messengers (Figure 1.2A). The P2Y
receptors can be grouped based on the G, proteins that they are coupled to and the
downstream signal transduction pathways. The P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11l
receptors are coupled to the Gqq/11 protein, activating membrane-bound phospholipase C
(PLC) to generate inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) from
membrane lipid phosphatidylinositol 4,5-biphosphate (P1P2). IP3 binds to the Ca®* release
channel IP3 receptors (IP3R) in the ER membrane and induces ER Ca?* release into the
cytoplasm (Ralevic and Burnstock, 1998). P2Y receptor-induced reduction in the ER Ca?*
10



can induce store-operated Ca?* (SOC) entry via the Ca?*-release-activated Ca?* (CRAC)
channels. The CRAC channels are composed of the plasma membrane Ca?* channel pore-
forming protein Orail and the ER Ca?" sensor stromal interaction molecule 1 (Stim1)
protein within the ER membrane. A reduction in the ER Ca?* promotes Stim1 to aggregate,
translocate to the ER-plasma membrane junction and interact with Orail, resulting in the
activation of CRAC (Zhang et al., 2005; Park et al., 2009). The ER Ca?" release and
refilling are important in the generation of intracellular Ca®* oscillations (Dolmetsch et
al., 1998). In addition to the Ggq11, the P2Y11 receptor is coupled to the G protein,
resulting in activation of adenylyl cyclase (AC) and increase in the cyclic AMP (CAMP)
level (Abbracchio et al., 2006). On the other hand, the P2Y12-P2Y14 receptors are
coupled to the G protein and their activation thus leads to inhibition of AC activity and
thereby reduction in the cCAMP level (Abbracchio et al., 2006; Kaebisch et al., 2015). It is
worth mentioning that activation of the P2Y receptors also leads to Ca?* influx and
subsequent increase in the [Ca']i via activating non-selective cationic channels
(Sugasawa et al., 1996; Wu and Mori, 1999; Tolhurst et al., 2005). The Gg, dimers can
regulate the [Ca?*]i via inhibiting voltage-gated Ca?* channels to decrease Ca?* influx (Van
Kolen and Slegers, 2006; Zamponi and Currie, 2013).

The P2Y receptors are expressed in many types of cells, such as endothelial, epithelial,
bone, brain, muscle and immune cells, and mediate a variety of cell functions (Abbracchio
et al., 2006). For examples, activation of the P2Y1 receptor stimulates osteoclast activity
and bone resorption, and activation of the P2Y2 receptor inhibits bone formation by
osteoblast (Hoebertz et al., 2002). Activation of the P2Y1 (Agresti et al., 2005a; Agresti
et al., 2005b) and P2Y2 (Wiedon et al., 2012; Chadet et al., 2014) receptors promotes
migration of oligodendrocyte progenitor cells (Agresti et al., 2005a; Agresti et al., 2005b),
smooth muscle cells (Wiedon et al., 2012) and breast cancer cells (Chadet et al., 2014).
The P2Y receptors are expressed in stem cells and involved in the regulation of cell
proliferation, differentiation and migration (Glaser et al., 2012).
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1.3 Piezol channel and its role in mechanical induction of ATP release

The Piezol channel is a novel mechanosensitive or mechanically activated Ca?'-
permeable cationic channel. It was firstly identified by showing that small interfering
RNA (siRNA) knockdown of the Piezol (also named Fam38a) reduced pressure-induced
currents in Neuro2A mouse neuroblastoma cells (Coste et al., 2010). A second gene
encoding a related protein, Piezo2 (also named Fam38b), was cloned in dorsal root ganglia
neurons and the Piezo2 protein can also form a mechanically activated channel (Coste et
al., 2010).

The Piezo channels are large integral membrane proteins and structurally unrelated to
other known proteins (Coste et al., 2010; Coste et al., 2012). The human Piezol and Piezo2
proteins consist of 2521 and 2752 amino acid residues, respectively, and share ~50%
identity at the amino acid level (Wu et al., 2017). The mouse Piezol comprises 2457 amino
acid residues (Ge et al., 2015). The three-dimensional structures comprising the large and
central part of the mouse Piezol channel have been recently resolved using cryo-electron
microscopy (Ge et al., 2015; Guo and MacKinnon, 2017; Saotome et al., 2018; Zhao et
al., 2019). The Piezol channel is a homotrimer (Figure 1.3A) (Ge et al., 2015; Saotome et
al., 2018; Zhao et al., 2019). Each subunit of the Piezol channel is thought to contain
intracellular N- and C-termini and 38 transmembrane segments (Figure 1.3B) (Zhao et al.,
2019). It has a propeller-like structure (Figure 1.3A) that contains N-terminal extracellular
blade domains and transmembrane domains (Zhao et al., 2019). The blades are supported
by the intracellular beam and anchor domains that surround a central ion-conducting pore
(Figure 1.3C) (Ge et al., 2015; Saotome et al., 2018). The C-terminal part of the Piezol
channel is composed of the transmembrane domain outer helix (OH), the C-terminal
extracellular domain (CED), the transmembrane domain inner helix (IH), and the
intracellular C-terminal domain (CTD), and necessary for the formation of the ion-
conducting pore. The N-terminal extracellular blades sense mechanical stimuli and govern
mechanical gating of the ion-conducting pore (Ge et al., 2015; Bae et al., 2016; Zhao et
al., 2016; Zhao et al., 2019).
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Figure 1.3 Overall structure of Piezol channel
The structure and working module of the mouse Piezol channel. (A) Top, side and bottom views of the trimeric three-bladed, propeller-

shaped structure, with distinct regions labelled (Adapted from Xu, 2016). (B) Membrane topology model of the mouse Piezol protein
consisting of 38 transmembrane domains. The extracellular loops, L15-16 and L19-20, have an important role in the mechanical activation
of the Piezol channel. The intracellular loops, L1342 and L1345, are required to govern mechanical gating composed of extracellular
blades, intracellular beam and anchor domains. The last two transmembrane regions determine a putative hydrophobic pore comprising the
outer helix (OH), C-terminal extracellular domain (CED), transmembrane domain inner helix (IH), and intracellular C-terminal domain
(CTD). The N-terminal 12 transmembrane domains remain unresolved in the structure (Adapted from Zhao et al., 2019). (C) The
architectural model of the mouse Piezol channel (only two out of three subunits are shown), consisting of the putative central pore (in red)
and the peripheral regions (PH) (in blue). The featured structures are labelled. The red dashed lines indicate potential ion-permeating

pathway (Adapted from Xu, 2016).
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Two models have been proposed to mediate transduction of the mechanical forces into
conformational changes and channel opening, transmission through lipid bilayer
membrane tension, and through ECM and/or intracellular cytoskeleton (Ranade et al.,
2015; Wu et al., 2017; Murthy et al., 2017). The Piezol channel is directly gated by lipid
bilayer membrane tension in response to extracellular mechanical stimuli (Pathak et al.,
2014; Murthy et al., 2017). There is evidence to suggest that the Piezol channel can be
gated by cell-generated intracellular forces via actin-myosin contraction in the absence of
extracellular mechanical stimuli (Pathak et al., 2014; Nourse and Pathak, 2017; Ellefsen
etal., 2019).

A wide range of external mechanical techniques have been utilized to study the
mechanotransduction signalling of Piezol channel-induced Ca?* entry, including cell
indentation (Coste et al., 2010), pressure generating membrane stretching (Coste et al.,
2010; Miyamoto et al., 2014; Pathak et al., 2014; Lewis and Grandl, 2015), flow fluid
shear stress ( Li et al., 2014; Ranade et al., 2014; Wang et al., 2016; Albarran-Juérez et
al., 2018), osmotic stress (Syeda et al., 2016), tissue compression (Jin et al., 2015) and
traction forces (Ellefsen et al., 2019). The main limitation of such external mechanical
stimuli is that the amount of force required to activate the Piezol channel cannot be
accurately determined (Parpaite and Coste, 2017). They were the only means to activate
the mechanosensitive Piezol channel until the identification of Yodal, a synthetic
chemical that selectively activates the Piezol channel with ECsg of 26.6 uM (Syeda et al.,
2015). Yodal can activate the Piezol channel reconstituted in an artificial membrane in
the absence of other cellular components (Syeda et al., 2015). It has been shown that a
region between 1961 and 2063 amino acid residues in the C-terminus is required for
Yodal-induced activation of the Piezol channel (Lacroix et al., 2017), but the Yodal-
binding site remains elusive. Nonetheless, these observations support the notion that
Yodal interacts directly with and gate the Piezol channel. Discovery of Yodal has greatly
facilitated and will continue to facilitate better understanding the role of the Piezol

channel in physiological and disease processes.
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Up to date, there is no Piezol channel-specific inhibitor. Studies have shown that
ruthenium red (RR), a polycationic ion known to be an inhibitor at several ion channels,
can block the Piezol channel currents (Coste et al., 2010; Coste et al., 2012) with 1Csp of
5.4 uM (Bagriantsev et al., 2014). Mutation of the glutamate residue within the pore region
of the Piezol channel results in loss of RR blockade, suggesting RR as a channel pore
blocker (Zhao et al., 2016). A 34-amino acid peptide Grammostola spatulata
mechanotoxin 4 (GsMTx4) isolated from the venom of a tarantula spider is the first
specific blocker for mechanically activated currents (Suchyna et al., 2000). GsSMTx4 has
been shown as a channel gating modifier acting on the extracellular side of the Piezol
channel with ICso0f ~ 0.3 uM (Bae et al., 2011). There is evidence to suggest that GSMTx4
may inhibit the Piezol channel by modulating lipids surrounding the channel to decrease
the efficiency of force transduction from the membrane bilayer to the channel (Suchyna
et al., 2000; Gnanasambandam et al., 2017). GsMTx4 is a non-specific inhibitor of Piezol
channel (Bowman et al., 2007) and nonetheless, it has become a useful pharmacological

tool for studying the physiological and pathological roles of the Piezol channel.

The Piezol channel is expressed mainly in non-sensory cells, such as endothelial cells,
epithelial bladder and kidney cells, neural progenitor cells (Murthy et al., 2017)
periodontal ligament cells (Jin et al., 2015). It is also expressed in MSCs as discussed
below. The Piezol channel has been shown to be mainly localized in the plasma
membrane (Coste et al., 2010; Miyamoto et al., 2014; Etem et al., 2018), and there is some
evidence to suggest that the Piezol channel is also present in the membrane of ER
(McHugh et al., 2010; McHugh et al., 2012), cytoplasm near the nucleus (Miyamoto et
al., 2014) and nuclear envelope (Gudipaty et al., 2017). Recent studies have implicated
that Piezol channel-mediated Ca?* influx regulates cell proliferation, migration, and
differentiation in response to external mechanical stimuli (McHugh et al., 2012; Liu and
Lee, 2014; Li et al., 2014; Pathak et al., 2014; Hung et al., 2016; Ellefsen et al., 2019). For
example, human neural stem/progenitor cells preferably differentiate toward neurons
when cultured on stiff substrates as compared on soft substrate. Activation of the Piezol
channel by the high traction forces generated in cells on the stiff substrates is important in

determining substrate stiffness-dependent differentiation of human neural stem/progenitor
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cells into neurons (Pathak et al., 2014). Recent studies have shown a role of the Piezol
channel in stimulating cell proliferation in gastric cancer cells (Zhang et al., 2018a), mouse
embryonic stem cells (del Marmol et al., 2018) and kidney epithelial cells (Gudipaty et
al., 2017). Moreover, activation of the Piezol channel can enhance migration of human
umbilical vein endothelial cells (Li et al., 2014; Zhang et al., 2017), gastric cancer cells
(Yang et al., 2014; Zhang et al., 2018a), malignant MCF-7 breast cancer cells (Li et al.,
2015a) and invasive A375-SM melanoma cancer cells (Hung et al., 2016). Intriguingly,
an early study reported that activation of the Piezol channel suppressed migration of small
cell lung cancer cells (McHugh et al., 2012).

As introduced above, ATP is released from many types of cells in response to diverse
forms of mechanical stimuli. Emerging evidence supports an important role of the Piezol
channel in mediating mechanical induction of ATP release. For example, activation of the
Piezol channel by mechanical stretch induced Ca?* influx in urothelial cells and ATP
release resulting in bladder contraction (Miyamoto et al., 2014). Shear stress-induced
activation of the Piezol channel mediates Ca?* entry and subsequent ATP release from
red blood cells (Cinar et al., 2015). A similar role for the Piezol channel was identified
in endothelial cells, where mechanical and chemical activation of the Piezol channel
promotes ATP release through the pannexin channels and subsequent activation of the
P2Y2 receptor, resulting in vasodilation (Wang et al.,, 2016). MSCs are highly
mechanosensitive (Engler et al., 2006; Riddle et al., 2007; Lee et al., 2011; Yuan et al.,
2012; Suhr et al., 2013; Sun et al., 2013; Yuan et al., 2013; Liu and Lee, 2014; Li et al.,
2018; Goetzke et al., 2018). As discussed below, it is well-demonstrated that MSCs can
release ATP in response to mechanical stimulation in vitro and in vivo (Riddle et al., 2007,
2007; Sun et al., 2013; Weihs et al., 2014), and there is increasing evidence to show
expression of the Piezol channel in MSCs (Gao et al., 2017; Sugimoto et al., 2017).
However, it is unknown whether activation of the Piezol channel evokes ATP release
from MSCs. In the present study (chapter 4), | will explore the role of the Piezol channel
in mediating ATP release in human dental pulp-derived MSCs (hDP-MSCs).
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1.4 Mesenchymal stem cells

Stem cells have unique abilities of self-renewal and differentiation into specific cell
lineages during development and growth. In addition, stem cells are important in
maintaining healthy tissues, and repairing and regenerating damaged or diseased tissues,
therefore, holding great promise for regenerative medicine (Laird et al., 2008). Stem cells
reside in a dynamic, specialized microenvironment with a distinctive anatomical
localization in the tissue, termed ‘stem cell niche’, which provides essential signals
required for stem cell functions. In addition to stem cells themselves, the supporting cells,
ECM, and signalling molecules in the niche together contribute to maintain the
undifferentiated state of stem cells and regulate the balance between self-renewal and
differentiation (Fuchs et al., 2004; Scadden, 2006; Chagastelles and Nardi, 2011; Gattazzo
et al., 2014). Stem cells, based on their origins, can be divided into embryonic stem cells
(ESCs) and adult stem cells (Chagastelles and Nardi, 2011; Kaebisch et al., 2015).
Alternatively, stem cells can be classified, according to their differentiation capacity, into
totipotent, pluripotent and multipotent cells (Chagastelles and Nardi, 2011; Kaebisch et
al., 2015; Sudulaguntla et al., 2016). Totipotent stem cells, such as fertilized egg (zygote
cell) and blastocyst, are able to produce all cell types in an organism, including
extraembryonic tissues outside the embryo body, such as placenta (Sudulaguntla et al.,
2016). Pluripotent stem cells, like ESCs, possess the ability to differentiate into almost
any of the three germ layers: ectoderm (such as neural and skin cells), mesoderm (such as
blood, bone and muscle cells), and endoderm (such as lung, thyroid, and pancreatic cells)
(Chagastelles and Nardi, 2011; Kaebisch et al., 2015). ESCs express pluripotency genes
(e.g., octamer binding transcription factor-3/4 (Oct-3/4), Rex-1, sex determining region Y
box-2 (Sox-2), Nanog, and stage-specific embryonic antigen-3 (SSEA-3) and SSEA-4),
and can be maintained in undifferentiated state and undergo unlimited expansion in
cultures due to the expression of high levels of telomerase (Chagastelles and Nardi, 2011;
Sudulaguntla et al., 2016). In addition to ESCs, induced pluripotent stem cells (iPSCs), as
their name suggests, are pluripotent cells and they were first generated in 2006 from adult
somatic cells by genetic reprogramming to express several transcription factors (e.g., Oct-
3/4, Sox-2, c-Myc and Kruppel like factor-4 (KIf-4) that are potentially involve in

pluripotency (Takahashi and Yamanaka, 2006). The number of necessary transcription
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factors depends on the cell sources. For example, progenitor and stem cells need fewer
transcription factors for the reprogramming process (Kaebisch et al., 2015). Like ESCs,
IPSCs are pluripotent and have the ability to self-renew (Leeanansaksiri et al., 2016). They
represent an attractive alternative to ESCs in clinical applications, without ethical issues
associated with using embryonic tissue to isolate ESCs (Chagastelles and Nardi, 2011,
Leeanansaksiri et al., 2016) or immune rejection (Narsinh et al., 2011; Leeanansaksiri et
al., 2016). However, it is known that both ESCs and iPSCs can induce tumor formation
upon transplantation (Chagastelles and Nardi, 2011; Narsinh et al., 2011; Leeanansaksiri
et al., 2016). Accordingly, the potential use of iPSCs in clinical applications is still under
investigation (Leeanansaksiri et al., 2016; Sudulaguntla et al., 2016). Multipotent stem
cells, such as hematopoietic stem cells, neuronal stem cells and MSCs, can differentiate
into limited cell lineages. They are involved in the repair and maintenance of the tissues
in which they reside (Augello et al., 2007; Liu et al., 2009; Kaebisch et al., 2015).

MSCs represent the most commonly studied adult stem cells. They are present in a small
number in the mesenchymal stromal cell population and can self-renew and differentiate
(Figure 1.4) (Caplan, 1991; Pittenger et al., 1999; Dominici et al., 2006). MSCs were
initially discovered as a subset of cells derived from bone marrow that showed the ability
to attach to the plastic surface and form colonies (Pittenger et al., 1999). Such bone
marrow-derived MSCs (BM-MSCs) express cell surface markers (e.g., CD71, CD90 and
CD106) and exhibit chondrogenic, osteogenic and adipogenic differentiation in vitro
under inducing conditions. In addition to the ability of the tri-lineage differentiation, some
studies suggest that BM-MSCs possess an ability to differentiate into other mesenchymal
lineages, including myocytes, cardiomyocytes, and also into cells of non-mesodermal
origin, such as hepatocytes, insulin-producing cells and neurons (Liu et al., 2009), which
may result from a very small number of embryonic like-stem cells in MSC preparations
(Bhartiya et al., 2013). However, it remains questionable whether BM-MSCs can
differentiate to mature or functional cells. For example, BM-MSC-derived neuron-like
cells lack the expression of voltage-gated ion channels and deficient in generating action
potentials (Hofstetter et al., 2002). BM-MSCs are most commonly used MSCs but bear
some limitations, such as the painful procedure that patients can experience during tissue

isolation and the limited proliferative capacity (Huang et al., 2009). Increasing efforts are
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therefore devoted to exploring other sources. It is now known that MSCs can be isolated
from several other tissues, such as adipose tissue, amniotic fluid and membrane, skin,
skeletal muscle, dental tissues including dental follicle, dental pulp and apical papilla,
peripheral blood, umbilical cord blood, Wharton’s jelly, synovial fluid, cartilage, spleen
and thymus (Figure 1.4) (Liu et al., 2009; Kaebisch et al., 2015; Sudulaguntla et al., 2016).

MSCs from adipose, umbilical cord and dental pulp tissues have gained increasing
attention due to the fact that they are readily obtainable (Huang et al., 2009; Scarfi, 2014).
Adipose tissue-derived MSCs (AT-MSCs) (Zuk et al., 2002), umbilical cord-derived
MSCs (UC-MSCs) (Huang et al., 2009) and DP-MSCs (Gronthos et al., 2000) possess a
high proliferative capacity. Overall, there is an inverse relation between the age of donors
and the proliferative capacity and differentiation potential of MSCs (Kretlow et al., 2008;
Huang et al., 2009; Via et al., 2012; Scarfi, 2014). Similar to BM-MSCs, AT-MSCs and
UC-MSCs can differentiate into osteoblasts, adipocytes, chondrocytes, cardiomyocytes-
like cells, neuron-like cells and Schwann cell-like cells (Argentati et al., 2018). DP-MSCs
can also undergo adipogenesis, osteogenesis, chondrogenesis and neurogenesis (Gronthos
et al., 2002; Perry et al., 2008; Grottkau et al., 2010). It is noteworthy that stem cells
derived from dental pulp originate from the migratory multipotent neural crest cells that
give rise to different tissues of craniofacial region, including bone, neurons, cartilage
teeth, and connective tissues, such as adipocytes (Luan et al., 2009; Janebodin et al., 2011,
Zippel et al., 2012). DP-MSCs have become a promising source of MSCs in regenerative
medicine (Tatullo et al., 2015) because of their feasible isolation and expansion in vitro,
high proliferative and multipotent differentiation capacities, even after temporary
cryopreservation (Perry et al., 2008).

There are significant disparities in studies using different MSC preparations. In order to
make the results more comparable or interpretable as possible, the Mesenchymal and
Tissue Stem Cell Committee of the International Society for Cellular Therapy (ISCT)
proposes the following minimal criteria for MSCs (Dominici et al., 2006). Firstly, cells
should possess the ability to adhere to plastic surface when maintained in standard culture

conditions. Secondly, cells should express positive markers, such as CD105, CD73 and
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CD90, and lack expression of hematopoietic and endothelial markers CD45, CD34, CD14
or CD11b, CD79a or CD19 and HLA-DR. Finally, cells have to show the ability to

differentiate into adipocytes, chondrocytes and osteocytes.
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Figure 1.4 Diagram of tissue sources and multiple differentiation potentials of MSCs
MSCs can be isolated from various tissues, and express positive cell surface markers (e.g.,
CD73, CD90 and CD105). They can self-renew and differentiate into mesoderm lineages,
including connective stromal cells, osteoblasts, chondrocytes and adipocytes. MSCs have
been shown in some studies to demonstrate the potential of differentiating into ectoderm
cells, such as neuron and epithelial cells, and endoderm cells, including muscle and gut
epithelial cells (www.cancerlink.ru/enmesenchymalstem.html).

Due to the simple isolation procedure, abundant sources, in vitro expansion, the ability of
self-renewal, migration to damaged tissues, and differentiation into tissue-specific
lineages, the ability to secrete stimulatory molecules and the ability to modulate immune
responses, MSCs have promising applications in tissue engineering and regenerative
medicine (Huang et al., 2009; Wang et al., 2012; Kim and Cho, 2013; Farini et al., 2014;
Sudulaguntla et al., 2016). In particular, MSCs are considered as an important stem cell
source for the cell-based treatment of various disease conditions. Preclinical studies
continue to demonstrate the beneficial effects of MSCs. For example, administration of
BM-MSCs via lumbar puncture into the lesion site improved spinal cord injury by
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secreting trophic factors, such as nerve growth factor that is known to regulate
proliferation and neuronal differentiation (Hawryluk et al., 2012). Furthermore, the role
of MSCs in improving heart diseases, such as myocardial infarction, has been
demonstrated and attributed to their ability of in vitro differentiation into cardiomyocyte-
like cells (Toma et al., 2002; Williams et al., 2013; Ghoraishizadeh et al., 2014; Argentati
et al., 2018) that spontaneously beat in vitro (Planat-benard et al., 2004; Williams et al.,
2013; Malandraki-Miller et al., 2018) and involved in direct replacement of myocardial
tissue after myocardial infarction using an in vivo model, resulting in reduced infarct size
(Hatzistergos et al., 2010; Williams et al., 2013). Additionally, in vivo studies
demonstrated the ability of transplanted MSCs to secrete a wide array of factors (e.g.,
insulin-like growth factor-1, stem cell-derived factor, prostaglandin E2) which can
suppress the immune function, inhibit fibrosis and apoptosis, or stimulate proliferation
and differentiation of endogenous cardiac stem cells (Hatzistergos et al., 2010; Williams
et al., 2013). Despite highly promising results, preclinical studies have revealed that
treatment of heart diseases is limited by a low efficacy rate of MSC migration/homing and
functionality of cardiomyocyte-like cells (Williams et al.,, 2013). For example,
differentiation of MSCs into beating cardiomyocytes does not mean that these cells can
develop into mature cardiomyocytes in the healthy heart as they have immature Na* and
Ca?" handling mechanisms due to the lack expression of voltage-gated Na* and Ca2"
channels (Wei et al., 2012). Moreover, transplantation of BM-MSCs in the eye vitreous
cavity can also improve retinal regeneration in rats (Tzameret et al., 2014) and protect
glaucoma in ageing rats (Hu et al., 2013). Consistently, clinical trials have shown the
therapeutic potential of using MSCs, for example, in improving bone structure and
function in patients with osteogenesis imperfecta (Rastegar et al., 2010; Kim and Cho,
2013). There are promising results of using MSCs to treat liver injury and cirrhosis,
multiple sclerosis, rheumatoid arthritis, and system lupus erythematosus (Kim and Cho,
2015; Tsolaki and Yannaki, 2015). Up to date, 249 completed clinical trials using MSCs
have been published in public clinical trial database and 70 clinical trials are still ongoing

(wwwe.clinicaltrials.gov), indicating a strong interest in MSC-based therapy.
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1.5 ATP-induced purinergic Ca?* signalling in MSCs

It has been proposed that ATP is present in the stem cell niche (Burnstock and Ulrich,
2011). This notion has gained support by the findings that ATP is released constitutively
from MSCs or in response to mechanical or chemical stimulation, in part via the connexion
hemi-gap junction channels or vesicular exocytosis (Kawano et al., 2006; Riddle et al.,
2007; Coppi et al., 2007; Burnstock and Ulrich, 2011; Kwon, 2012; Sun et al., 2013; Biver
et al.,, 2013; Weihs et al.,, 2014). After release, extracellular ATP acts as an
autocrine/paracrine signalling molecule that induces an increase in the [Ca®']i in MSCs
(Coppi et al., 2007; Riddle et al., 2007; Sun et al., 2013; Weihs et al., 2014). As described
below, there is an increasing evidence to support the expression of the P2X and P2Y
receptors in MSCs and demonstrate their significant roles in mediating ATP-induced Ca?*
signalling and regulation of cell proliferation, differentiation and migration (Kawano et
al., 2006; Coppi et al., 2007; Ferrari et al., 2011; Zippel et al., 2012; Ciciarello et al., 2013;
Sun et al., 2013; Trubiani et al., 2014; Weihs et al., 2014; Noronha-Matos et al., 2014; Li
et al., 2015b; Peng et al., 2016; Li et al., 2016; Zhang et al., 2019).

Expression of ATP-sensitive P2 receptors has been examined in MSCs from several
tissues, such as bone marrow (Kawano et al., 2006; Riddle et al., 2007; Coppi et al., 2007;
Ferrari et al., 2011; Noronha-Matos et al., 2012; Sun et al., 2013; Noronha-Matos et al.,
2014), adipose tissue (Zippel et al., 2012; Kotova et al., 2018; Ali et al., 2018), umbilical
cord blood (Tu et al., 2014), periodontal ligament (Trubiani et al., 2014; Xu et al., 2019)
and dental pulp (Peng et al., 2016; Zhang et al., 2019). Studies have examined receptor
expression at the mRNA level using real-time reverse transcription-polymerase chain
reaction (RT-PCR), at the protein level using western blotting or immunostaining, and/or
at the functional level by measuring ATP or specific agonist-induced currents or Ca?*
responses. Table 1.1 summarizes the expression of P2X and ATP-sensitive P2Y receptors
in MSCs and the methods used to show their expression. Figure 1.5 illustrates the roles of
the major P2X and P2Y receptors in ATP-induced purinergic Ca?* signalling in MSCs.
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1.5.1 Expression of P2X receptors in MSCs

As discussed earlier, extracellular ATP opens the P2X receptor ion channels (Figure 1.5).
It was reported that ATP induced inward currents in human BM-MSCs (hBM-MSCs)
using patch-clamp recording, and treatment with P2 generic antagonist PPADS reduced
ATP-induced inward currents (Coppi et al., 2007). These results suggest functional
expression of the P2X receptor(s), however, the molecular identity of the receptor(s)
mediating ATP-induced currents was not established. Subsequent independent studies
have reported expression of different P2X receptors in MSCs from different tissues (Table
1.1) (Riddle et al., 2007; Ferrari et al., 2011; Noronha-Matos et al., 2012; Zippel et al.,
2012; Sun et al., 2013; Noronha-Matos et al., 2014; Trubiani et al., 2014; Peng et al., 2016;
Alietal., 2018; Xu etal., 2019; Zhang et al., 2019). The mRNA transcripts for all the P2X
receptors, with the exception of P2X2, were detected using real-time RT-PCR in hBM-
MSCs (Ferrari et al., 2011). The protein expression of P2X1, P2X4 and P2X7 in hBM-
MSCs was also demonstrated by western blotting. Despite detectable mMRNA expression,
no protein expression was detected for P2X3, P2X5 and P2X6 (Ferrari et al., 2011). The
protein expression of P2X7 was also detected in hBM-MSCs from other studies using
western blotting (Riddle et al., 2007; Sun et al., 2013) and immunofluorescence (Noronha-
Matos et al., 2012; Noronha-Matos et al., 2014). Functional expression of the P2X7
receptor was further demonstrated using Ca®* imaging to measure ATP or other agonist-
induced Ca?* responses in hBM-MSCs, in combination with using selective antagonists
to inhibit the receptor function or using P2X-specific sSiRNA to reduce the receptor
expression. ATP induced a biphasic increase in the [Ca?*]i, consisting of a transient
component followed by a sustained component (Riddle et al., 2007; Ferrari et al., 2011,
Noronha-Matos et al., 2014). Ferrari et al. (2011) also demonstrated that BzATP induced
a biphasic increase in the [Ca?*];, with the transient increase attenuated and the sustained
increase abolished in extracellular Ca?*-free solution, indicating a major contribution of
extracellular Ca®" influx to the sustained increase in the [Ca?']i. The same study also
showed that apMeATP induced an increase in the [Ca®'];, suggesting expression of the
P2X receptors containing P2X1 and/or P2X3 subunits in hBM-MSCs (Ferrari et al., 2011).
However, ATP-evoked increase in the [Ca?*]i was significantly inhibited by treatment
with P2X7 selective antagonist KN-62 or irreversible P2X7 inhibitor oxATP. Treatment
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with oxATP also blocked BzATP-induced increase in the [Ca?']i (Ferrari et al., 2011).
These results indicate an important role for the P2X7 receptor in mediating ATP-induced
Ca?* response. Further, it was shown in a separate study using hBM-MSCs that ATP and
BzATP induced membrane blebbing and large pore formation (Noronha-Matos et al.,
2014), which are characteristics of the P2X7 receptor activation (Virginio et al., 1999;
Wei et al., 2016). Treatment with P2X7 selective antagonist A438079, significantly
reduced ATP and BzATP-induced increase in the [Ca2*]i, and BzATP-induced large pore
formation, suggesting functional expression of the P2X7 receptor in hBM-MSCs
(Noronha-Matos et al., 2014).

Expression of P2X receptors was also examined in MSCs from other tissues. Analysis of
the mMRNA transcripts revealed a consistent expression of P2X4 and P2X7 in hAT-MSCs
(Zippel etal., 2012; Ali etal., 2018; Kotova et al., 2018). The results examining the mMRNA
expression of P2X1-P2X3, P2X5 and P2X6 remain controversial. For example, the P2X1
MRNA was detected in two recent independent studies (Ali et al., 2018; Kotova et al.,
2018), but was not in an early study (Zippel et al., 2012). The P2X2 mRNA expression
was reported in one recent study (Kotova et al., 2018) but was not in other two studies
(Zippel et al., 2012; Ali et al., 2018). Similarly, the P2X3 mRNA was observed in one
study (Zippel et al., 2012), but was not in two recent studies (Ali et al., 2018; Kotova et
al., 2018). Expression of the P2X5 and P2X6 mRNA in hAT-MSCs was shown by two
different studies (Zippel et al., 2012; Ali et al., 2018), but was not by another group
(Kotova et al., 2018). Moreover, the protein expression of P2X1, P2X4, P2X5 and P2X7
was detected in hAT-MSCs using immunofluorescence (Ali et al., 2018). The P2X5 and
P2X7 protein expression were also detected in hAT-MSCs by another study using western
blotting and the protein expression of P2X6 was also reported in the same study (Zippel
et al., 2012). Functional expression of the P2X receptors in hAT-MSCs was examined in
this study. It was shown that ATP-induced an increase in the [Ca*];, which was prevented
by treatment with suramin and P2X selective antagonist NF279 (Zippel et al., 2012). A
recent study has shown that ATP-induced Ca?* response in hAT-MSCs was insensitive to
P2X4 selective antagonist PSB-12062 and P2X7 selective antagonist A438079, ruling out
the role of the P2X4 and P2X7 receptors in mediating ATP-evoked increase in the [Ca?*];
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(Ali et al., 2018). In human periodontal ligament stem cells (hPDLSCs), studies so far
have only focused on the P2X7 receptor (Trubiani et al., 2014; Xu et al., 2019), and have
consistently documented the P2X7 expression at the level of mMRNA and protein using
real-time RT-PCR and western blotting, respectively (Trubiani et al., 2014; Xu et al.,
2019). Functional expression of the P2X7 receptor in hPDLSCs was demonstrated using
Ca?" imaging; BzATP induced an increase in the [Ca?*]i and larger pore formation, both
of which were reduced by treatment with oxATP, indicating functional expression of the
P2X7 receptor (Trubiani et al., 2014). In hUC-MSCs, expression of the mRNA transcripts
for P2X1, P2X4-P2X7, with the exception of P2X2 and P2X3, was detected using real-
time RT-PCR (Tu et al., 2014). With regard to hDP-MSCs, the mRNA expression has
been analyzed in our recent study using real-time RT-PCR, revealing the mRNA
transcripts for P2X4, P2X6 and P2X7, but not P2X1-P2X3 and P2X5 (Peng et al., 2016).
The protein expression of the P2X3 and P2X7 receptors has been demonstrated in hDP-
MSCs using immunofluorescence in another recent study (Zhang et al., 2019). Our study
has demonstrated that ATP and BzATP induced increases in the [Ca?*];in a concentration-
dependent manner in hDP-MSCs (Peng et al., 2016). However, there was no Ca?* response
to afMeATP, consistence with no expression of P2X1 and P2X3. In addition, ATP-
induced increase in the [Ca?*]i was insensitive to inhibition by P2X4 selective antagonist
5-BDBD. In contrast, the increases in the [Ca?']i evoked by ATP and BzATP were
attenuated by treatment with P2X7 selective antagonist AZ11645373, and by SiRNA-
mediated knockdown of the P2X7 expression, indicating functional expression of the
P2X7 receptor and its contribution in mediating ATP-induced Ca?* signalling in hDP-
MSCs (Peng et al., 2016).
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Figure 1.5 Schematic diagram illustrates the molecular mechanisms of ATP-induced
P2 receptor-mediated Ca?* signalling in MSCs

ATP can activate the P2X receptors, mainly the P2X7 receptor, allowing Ca?* influx and
subsequent increase in the concentration of intracellular Ca?* ([Ca?*];). ATP can also
activate the P2Y1, P2Y2 and/or P2Y11 receptors, resulting in sequential activation of the
Go,q11, membrane-bound phospholipase C (PLC), conversion of membrane lipid
phosphatidylinositol 4,5-biphosphate (PIP2) into inositol triphosphate (IP3) and
diacylglycerol (DAG). IP3 diffuses through the cytosol to bind to the IP3 receptor (IP3R)
in the endoplasmic reticulum (ER) mediating Ca?" release to increase the [Ca®']i
(Modified from Jiang et al., 2017a).

1.5.2 Expression of P2Y receptors in MSCs

As introduced earlier, extracellular ATP acts as a partial or full agonist at P2Y1, P2Y2
and P2Y11 receptors. They are coupled to the Ggq11-PLC-IP3R signalling and thus
activation of these receptors can trigger intracellular Ca?* release, resulting in an increase
in the [Ca?*]i (Figure 1.5). As summarized in Table 1.1, studies were conducted on MSCs
isolated from different tissues to determine the expression of these P2Y receptors at the
MRNA, protein and function levels.

Several studies investigated the expression of the ATP-sensitive P2Y receptors in BM-
MSCs. The mRNA transcripts for P2Y1, P2Y?2 and P2Y 11 were detected using real-time
RT-PCR (Ferrari et al., 2011; Fruscione et al., 2011). The protein expression of the P2Y1
receptor was reported in hBM-MSCs by two research groups using western blotting

(Ferrarietal., 2011) or immunofluorescence (Noronha-Matos et al., 2012; Noronha-Matos
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et al., 2014), but not in an early study using western blotting (Riddle et al., 2007). The
protein expression was shown using immunofluorescence staining or western blotting for
the P2Y2 (Riddle et al., 2007; Ferrari et al., 2011; Noronha-Matos et al., 2012) and P2Y11
receptors (Riddle etal., 2007; Ferrari etal., 2011). There is compelling evidence to support
the functional expression of the P2Y1, P2Y2 and P2Y 11 receptors and their roles in ATP-
induced Ca?* signalling in hBM-MSCs. For instance, an early study showed spontaneous
intracellular Ca?* oscillations in hBM-MSCs, which were abolished by treatment with
U73122, a PLC inhibitor, as well as treatment with P2 generic antagonist PPADS or P2Y1
selective inhibitor APPS, but not P2X receptor inhibitor 8-SPT (Kawano et al., 2006).
These results support an important role of the P2Y1 receptor in an autocrine/paracrine
Ca?" signalling mechanism, in which ATP induces activation of the P2Y1-Gqq/1:-PLC
signalling pathway and triggers ER Ca?* release and subsequent Ca?*-dependent release
of ATP into extracellular space (Kawano et al., 2006). Consistently, a separate study using
patch-clamp recording showed that externally applied ATP induced Ca?*-dependent
outward K* currents in hBM-MSCs and such currents were blocked by treatment with
PPADS and P2Y1 selective antagonist MRS2179, indicating that ATP-induced activation
of the P2Y1-G,q11-PLC signalling pathway induces release of Ca2*, which in turn
activates Ca®*-dependent K* outward currents (Coppi et al., 2007). Functional expression
of the P2Y1, P2Y2 and P2Y11 receptors in hBM-MSCs was also examined in another
study by measuring Ca?* responses to ATP, BzATP and ADP (Ferrari et al., 2011). All
these agonists evoked a significant increase in the [Ca?*]i in extracellular Ca?*-free
solution as well as in extracellular Ca?*-containing solution. These results are consistent
with the results of examining the receptor expression using real-time RT-PCR and western
blotting and, taken together, support expression of the P2Y1, P2Y?2 and P2Y11 receptors
in hBM-MSCs (Ferrari et al., 2011). Functional expression of the P2Y 11 receptor in hBM-
MSCs was further supported by investigating Ca®* response to NAD* (Fruscione et al.,
2011). NAD" induced an increase in the [Ca?*]i, which was abolished by treatment with
P2Y11 selective antagonist NF157 or by siRNA-mediated knockdown of the P2Y11

receptor expression (Fruscione et al., 2011).
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Table 1.1 Summary of the expression of ATP-sensitive P2 receptors in hMSCs

MSC type | P2 receptors | Methods References
expressed
hBM-MSCs | P2X1, P2X3- | RT-PCR, western Riddle et al., 2007; Ferrari et
P2X7 blotting, immune- al., 2011; Noronha-Matos et
staining, calcium al., 2012; Sun et al., 2013;
imaging Noronha-Matos et al., 2014.
P2Y1, P2Y2, | RT-PCR, western Kawano et al., 2006; Coppi
P2Y11 blotting, immune- et al., 2007; Ferrari et al.,
staining, calcium 2011; Fruscione et al., 2011;
imaging, patch- Noronha-Matos et al., 2012;
clamp recording Noronha-Matos et al., 2014
hAT-MSCs | P2X1, P2X3- | RT-PCR, western Zippel et al., 2012; Ali et al.,
P2X7 blotting, immune- 2018; Kotova et al., 2018
staining, calcium
imaging
P2Y1, P2Y2, | RT-PCR, western Zippel et al., 2012; Ali et al.,
P2Y11 blotting, immune- 2018; Kotova et al., 2018
staining, calcium
imaging
hPDLSCs P2X7 RT-PCR, western Trubiani et al., 2014; Xu et
blotting, immune- al., 2019
staining, calcium
imaging
hUC-MSCs | P2X1, P2X4- | RT-PCR Tuetal., 2014
P2X7
hDP-MSCs | P2X3, P2X4, | RT-PCR, immune- Peng et al., 2016; Zhang et
P2X6, P2X7 staining, calcium al., 2019
imaging, patch-
clamp recording
P2Y1, P2Y2, | RT-PCR, immune- Peng et al., 2016; Zhang et
P2Y11 staining, calcium al., 2019
imaging, patch-
clamp recording
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Studies have also examined the expression of the ATP-sensitive P2Y receptors in hAT-
MSCs and hDP-MSCs. In hAT-MSCs, the expression of P2Y1, P2Y2 and P2Y11 was
detected at the mRNA level using real-time RT-PCR (Zippel et al., 2012; Ali et al., 2018;
Kotova et al., 2018) and also at the protein level using western blotting (Zippel et al.,
2012) or immunofluorescence (Ali et al., 2018; Kotova et al., 2018). The study by Zippel
et al. (2012) found that ATP-induced increase in the [Ca?*]iin hAT-MSCs was prevented
by treatment with suramin. Like ATP, exposure to P2Y1 agonist 2-MeSADP, but not
P2Y11 agonist NF546, induced an increase in the [Ca?']i, suggesting functional
expression of the P2Y1 receptor in hAT-MSCs (Zippel et al., 2012). A recent study has
reported that ATP-induced increase in the [Ca?]i in hAT-MSCs was also attenuated by
treatment with P2Y 2 antagonist AR-C118925XX, suggesting functional expression of the
P2Y2 receptor (Ali et al., 2018). Another recent study has shown that ATP-induced Ca**
response in hAT-MSCs was suppressed by treatment with P2Y11 antagonist NF340 as
well as treatment with U73122 or 2-APB, an IPsR blocker, suggesting functional
expression of the P2Y 11 receptor (Kotova et al., 2018). In hDP-MSCs, mRNA expression
for P2Y1 and P2Y 11 was consistently detected in hDP-MSCs from multiple donors using
real-time RT-PCR, but the P2Y2 transcript was detectable in some but not all donors, as
reported in our previous study (Peng et al., 2016). A very recent study has reported the
P2Y2 protein expression in hDP-MSCs using immunofluorescence (Zhang et al., 2019).
The role of the P2Y1, P2Y2 and P2Y11 receptors in mediating ATP-induced Ca?*
response in hDP-MSCs has been further examined in our recent study. ATP, ADP and
BzATP were effective in evoking an increase in the [Ca?*]i in extracellular Ca?*-free and
Ca?*-containing solutions (Peng et al., 2016). ATP-induced increase in the [Ca®']i was
attenuated by siRNA-mediated knockdown of the P2Y1 or P2Y11 receptor expression,
and ADP-induced increase in the [Ca®']i was also reduced by siRNA-mediated
knockdown of the P2Y1 receptor expression, supporting functional expression of the
P2Y1 and P2Y11 receptors and their contribution in mediating ATP-induced Ca®*
response in hDP-MSCs (Peng et al., 2016). The recent study by Zhang et al. (2019) has
demonstrated using patch-clamp recording that ATP-induced inward currents were
completely abolished by treatment with suramin, but not P2X antagonist iso-PPADS

(Zhang et al., 2019). As mentioned above, this study has demonstrated P2Y2 protein
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expression, but it remains unclear whether the P2Y 2 receptor is critical in mediating ATP-

induced inward currents (Zhang et al., 2019).

In summary, studies have shown ATP-induced Ca®* signalling in MSCs from several
tissue origins. In terms of the P2X receptors, there is consistent evidence to support the
functional expression of the P2X7 receptor and its important role in mediating ATP-
induced Ca?* signalling. Most studies support the functional expression of the P2Y1,
P2Y2 and P2Y11 receptors and their contribution in ATP-induced Ca®* signalling in
MSCs. There are noticeable differences in the results reported by different studies, which
could be attributed in part to the differences in tissue origins, age and gender of donors,
and in vitro culture conditions as well as the techniques used to examine the receptor

expression.

1.6 Role of P2 receptors in ATP-induced regulation of MSC functions

Many studies have examined the regulation by extracellular ATP of MSC functions such
as proliferation, viability, migration and differentiation, and the role of ATP-sensitive P2

receptors in such regulations.

1.6.1 Cell proliferation and viability

Studies have evaluated the effects of extracellular ATP, released endogenously or applied
exogenously, on proliferation and viability of MSCs from different tissues. An early study
showed, by using 5-bromo-20-deoxyuridine (BrdU) labelling assay, that exogenously
applied ATP at 25, 100, and 250 uM or endogenously released ATP from hBM-MSCs
accelerated cell proliferation via inducing an increase in the [Ca®'];, activation of Ca®*-
sensitive calcineurin and subsequent nuclear translocation of nuclear factor of activated T
cells (NFAT) (Riddle et al., 2007). Consistently, a recent study has shown, by using cell
counting and Ki67 staining, that cell proliferation and survival of hDP-MSCs were
increased during 24-72 hours by blocking ATP degradation with 100 uM ARL 67156, an
ectonucleotidase inhibitor, indicating that endogenously released ATP promotes
proliferation and survival of hDP-MSCs (Zhang et al., 2019). This study has further

30



investigated the role of the P2 receptors in ATP-induced regulation of MSC proliferation
and viability. The number of hDP-MSCs at 24, 48 and 72 hours was significantly reduced
by treatment with 100 M suramin. The cell number was also significantly reduced at 72
hours, albeit was not at 24 and 48 hr, by inhibiting P2X receptors with 100 uM iso-PPADS
(Zhang et al., 2019). These results suggest that ATP stimulates cell proliferation in part
via the P2X receptors (Zhang et al., 2019). This study has demonstrated the protein
expression of the P2X3, P2X7 and P2Y2 receptors, however, it was not established
whether or which of these receptors mediated ATP-induced regulation of cell proliferation
of hDP-MSCs (Zhang et al., 2019).

It is noted that several other studies have reported opposing or no effect of ATP on MSC
proliferation. For example, Coppi et al. (2007) showed that spontaneously released ATP
from hBM-MSCs attenuated cell proliferation, determined by cell counting, and inclusion
of 10 uM ATP in culture medium also reduced cell proliferation (Coppi et al., 2007).
Furthermore, the cell number was increased by treatment with PPADS or P2Y 1 antagonist
MRS2179, suggesting that endogenously released ATP inhibits cell proliferation via the
P2Y1 receptor (Coppi et al., 2007). Another study showed that exposure to ATP at low
concentrations (1-100 uM) was without effect on proliferation of hBM-MSCs but
treatment with 1 mM ATP resulted in significant inhibition of cell proliferation (Ferrari et
al., 2011). This study further revealed that exposure to 1 mM ATP resulted in down-
regulation of the expression of genes related to cell proliferation and up-regulation of the
expression of growth arrest genes and cell cycle inhibitors. ATP-induced inhibitory effects
were abrogated by treatment with 1 U/ml apyrase, an ATP scavenger enzyme (Ferrari et
al., 2011). In the study by Fruscione et al. (2011), it was shown neither addition of 50 uM
ATP nor treatment with 1 or 5 mU/ml apyrase had significant effects on hBM-MSC
proliferation (Fruscione et al., 2011). A recent study has reported that BzZATP applied at
5-25 uM did not alter the number of rat BM-MSCs (rBM-MSCs) using cell counting-kit-
8 (CCK-8) assay (L.i et al., 2015b). Consistent with this, we have shown that hDP-MSCs
proliferated at a similar rate in the absence or in the presence of ATP at 0.3-300 uM, using

both cell counting and methylthiazol tetrazolium (MTT) assays (Peng et al., 2016).
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Another recent study examining hPDLSCs shows that exposure to 30-300 UM BzATP
considerably reduced cell viability determined by MTT assay (Trubiani et al., 2014).

In summary, there are significant discrepancies in the results reported by different studies,
which could be in part attributed to the differences in the ATP concentrations applied and
treatment duration, the receptor expression levels in MSCs, and also the assays used.
Therefore, it remains inconclusive whether ATP regulates MSC proliferation and

viability.

1.6.2 Cell migration

The ability of MSCs to migrate to destination tissues or lesion sites is crucial for normal
tissue morphogenesis and homeostasis and also important for MSC-based therapies (Tuan
et al., 2003; Ferrari et al., 2011; Burnstock and Ulrich, 2011; Rodrigues et al., 2014).
Studies have gathered increasing evidence to show that ATP stimulates MSC migration.
For example, in the study by Ferrari et al. (2011) using trans-well migration assay,
inclusion of 1 mM ATP to the upper chamber increased hBM-MSC migration and also
enhanced the chemotactic response to chemokine CXC-12 applied in the lower chamber
(Ferrari et al., 2011). When added to the lower chamber as a chemotactic stimulus, ATP
alone had no effect on cell migration but enhanced the chemotactic activity of chemokine
CXC-12 in attracting hBM-MSCs (Ferrari et al., 2011). Additionally, pretreatment with
ATP at 1 mM increased the homing rate of hBM-MSCs to bone marrow in
immunocompromised mice (Ferrari et al., 2011). A separate study by Fruscione et al.
(2011) also using trans-well migration assay found that treatment with ATP at 1-10 uM
or addition of ATP in the lower chamber stimulated hBM-MSC migration. While these
studies provide evidence to demonstrate that ATP can enhance cell migration in vitro
(Ferrari et al., 2011; Fruscione et al., 2011) and the homing capacity of hBM-MSCs in
vivo (Ferrari et al., 2011), the P2 receptor(s) mediating ATP-induced stimulation of cell
migration was(were) not identified. Our recent study has shown in hDP-MSC using wound
healing assay that exposure to ATP at 30 uM accelerated cell migration (Peng et al., 2016).
ATP-stimulated cell migration was inhibited by treatment with PPADS and hP2X7

selective antagonist AZ11645373 or by specific SiRNA targeting the P2X7, P2Y1 or
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P2Y11 receptor, suggesting that these receptors participate in mediating ATP-induced
stimulation of hDP-MSC migration (Peng et al., 2016). In the present study (chapter 3), |
further examined the Ca?*-dependent signalling pathways engaged in such ATP-induced
regulation of hDP-MSCs.

1.6.3 Cell differentiation
1.6.3.1 Adipogenic differentiation

Several studies have investigated the effects of ATP on adipogenic differentiation of
MSCs. For example, exposure of hAT-MSCs to ATP (10-100 uM) during adipogenic
differentiation reduced the formation of fat droplets, a characteristic of adipocytes or an
indicator of adipogenic differentiation, visualized by oil red O staining (Zippel et al.,
2012). Conversely, treatment with 5 U/ml apyrase enhanced adipogenic differentiation of
hAT-MSCs (Zippel et al., 2012). As shown in a separate study, exposure of rBM-MSCs
to 125 uM BzATP during adipogenic differentiation suppressed the expression of
adipogenic genes, such as peroxisome proliferator-activated receptor y (PPARY), fatty
acid binding protein 4 (FABP4) and adipsin, as well as formation of fat droplets (Li et al.,
2015b). This study has further shown that in ovariectomized mice, as a model for
osteoporosis, the number of bone marrow adipocytes was reduced by intraperitoneal
injection of BzATP (Li et al., 2015b). However, a study using hBM-MSCs showed that
treatment with 1 mM ATP prior to adipogenic differentiation enhanced the expression of
PPARy and CCAAT/enhancer binding protein o/f (CEBPo/B) and formation of fat

droplets after adipogenic differentiation (Ciciarello et al., 2013).

The role of the P2X receptors in ATP-induced regulation of adipogenic differentiation in
MSCs has been examined in the above-mentioned studies. ATP-induced increase in the
expression of PPARy and CEBPo/f in hBM-MSCs was not influenced by treatment with
hP2X7 selective antagonist KN-62, largely excluding a possible role of the P2X7 receptor
in ATP-induced regulation of adipogenesis (Ciciarello et al., 2013). However, BZATP-
induced inhibition of the expression of PPARy, FABP4 and adipsin in rBM-MSCs was
attenuated by treatment with P2X7 selective antagonist BBG and also with P2X7-specific
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SiRNA, indicating that activation of the P2X7 receptor leads to inhibition of adipogenic
differentiation (Li et al., 2015b). Zippel et al. (2012) showed that ATP-induced increase
in the [Ca®*]i in hAT-MSCs remained unchanged after adipogenic differentiation and
ATP-induced Ca®* responses in undifferentiated and differentiated hAT-MSCs were
reduced by treatment with suramin and P2X antagonist NF279. These results suggest no
significant change in the functional expression of P2X receptors during adipogenic
differentiation (Zippel et al., 2012). However, increasing evidence suggests changes in the
MRNA and/or protein expression of the P2X receptors during adipogenic differentiation.
For examples, while the expression of P2X3-P2X5 and P2X7 remained similar, the
expression of P2X6 at the mRNA and protein levels was increased in hAT-MSCs during
adipogenesis, suggesting a possible role for the P2X6 receptor in committing adipogenic
differentiation (Zippel et al., 2012). The mRNA and protein expression levels of P2X7,
determined using real-time RT-PCR and western blotting, were down-regulated in rBM-
MSCs after adipogenic differentiation, suggesting a role for the P2X7 receptor in
adipogenic differentiation (Li et al., 2015b).

The role of ATP-sensitive P2Y receptors in regulating MSC adipogenesis was also
investigated using selective agonist and/or antagonist in combination with examining the
expression of P2Y receptors and/or adipogenic genes. For example, ATP-induced increase
in the expression of adipogenic genes and formation of fat droplets in hBM-MSCs cultured
in adipogenic differentiation inducing medium were inhibited by treatment with P2Y1
selective antagonist MRS2279, but not with P2Y11 selective antagonist NF340, favoring
a critical role of the P2Y1 receptor in ATP-induced regulation of adipogenic
differentiation (Ciciarello et al., 2013). There is evidence to suggest changes in the
expression of the P2Y receptors during adipogenic differentiation. For example, the
P2Y11 mRNA and protein expression levels in hAT-MSCs were up-regulated after
adipogenic differentiation (Zippel et al., 2012). The P2Y2 mRNA expression in rBM-
MSCs was also up-regulated after adipogenic differentiation (Li et al., 2016). In this
present study (Chapter 5), | examine ATP-induced regulation of adipogenic differentiation
in hDP-MSCs, the expression of the P2Y1, P2Y2, P2Y11 and P2X7 receptors during
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ATP-induced adipogenic differentiation, and the roles of Ca?*-dependent signalling

pathways in ATP-induced regulation of adipogenic differentiation.

1.6.3.2 Osteogenic differentiation

Studies have also examined the effects of extracellular ATP in regulating osteogenic
differentiation of MSCs derived from different tissue origins and provide consistent
evidence to support that ATP stimulates osteogenic differentiation. For example,
treatment of hAT-MSCs during osteogenic differentiation with 5 U/ml apyrase reduced
matrix mineralization, indicating that ATP promotes osteogenic differentiation (Zippel et
al., 2012). As shown in another study, treatment of hBM-MSCs with 1 uM ATP in basal
media increased the alkaline phosphatase (ALP) activity, production of osteocalcin, and
mineralization of bone extracellular matrix (Sun et al., 2013). A separate study reported
that treatment of rBM-MSCs with 125 uM BzATP during osteogenic differentiation up-
regulated the expression of osteogenic genes, such as runt related transcription factor 2
(Runx2), ALP and osteopontin, as well as formation and mineralization of bone
extracellular matrix (Li et al., 2015b). The same study also showed that the number and
volume of trabecular bone were increased by intraperitoneal injection of 5 mg/kg/day
BzATP in ovariectomized mice (Li et al., 2015b). Further, a more recent study has
demonstrated that exposure to 100 uM BzATP induced an increase in the expression of
ALP, Runx2 and osteocalcin in hPDLSCs cultured in osteogenic differentiation inducing
medium (Xu et al., 2019), leading to the suggestion that activation of the P2X7 receptor
stimulates osteogenic differentiation. Consistently, a study by Noronha-Matos et al.
(2014) found that treatment of hBM-MSCs with 100 uM BzATP during osteogenic
differentiation enhanced the ALP activity, expression of Runx2 and osterix, and
mineralization of bone extracellular matrix (Noronha-Matos et al., 2014). Of notice, an
early study by the same group showed that application of 100 uM ATP decreased the ALP
activity in hBM-MSCs cultured in osteogenic differentiation media (Noronha-Matos et
al., 2012).
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Several studies have investigated the role of the P2X receptors in mediating the effect of
ATP on osteogenic differentiation and provide evidence to support a significant role of
the P2X7 receptor. Two studies by the same research group showed that the P2X7 protein
expression was detected at the early stage (7 days in osteogenesis inducting medium) of
osteogenic differentiation of hBM-MSCs but declined afterwards (Noronha-Matos et al.,
2012; Noronha-Matos et al., 2014). These findings are consistent with a decrease in ATP-
induced Ca®* responses and BzATP-evoked membrane blebbing in hBM-MSCs after
osteogenic induction for 21 days compared to those in cells after osteogenic induction for
7 days, indicating that P2X7 receptor promotes the osteogenic commitment of MSCs
(Noronha-Matos et al., 2012; Noronha-Matos et al., 2014). Another study demonstrated
that treatment with KN-62 or P2X7-specific siRNA significantly reduced or completely
abolished ATP-induced increase in the ALP activity, production of osteocalcin, and
mineralization of bone extracellular matrix in hBM-MSCs cultured in basal media (Sun et
al., 2013). It was also reported that treatment of hBM-MSCs with P2X7 selective
antagonist A438079 inhibited BzATP-induced increase in the ALP activity, expression of
Runx2 and osterix, and mineralization of bone extracellular matrix (Noronha-Matos et al.,
2014). A recent study in rBM-MSCs has shown that treatment with P2X7 selective
antagonist BBG or P2X7-specific sSiRNA prevented BzATP-induced up-regulation of the
expression of Runx2, ALP and osteopontin, formation and mineralization of bone
extracellular matrix, indicating an important role of the P2X7 receptor in mediating
BzATP-induced osteogenesis differentiation (Li et al., 2015b). A more recent study in
hPDLSCs has demonstrated that treatment with BBG or A740003 inhibited BzATP-
induced increase in the expression of ALP, Runx2 and osteocalcin, indicating that
activation of the P2X7 receptor stimulates osteogenic differentiation (Xu et al., 2019).
However, Zippel et al. (2012) showed that overexpression of the P2X7 receptor in hAT-
MSCs led to reduced ALP activity (Zippel et al., 2012). Changes in the expression of the
P2X receptors in MSCs during osteogenic differentiation have been documented. For
example, the expression of P2X5 at the mRNA and protein level was up-regulated, while
the expression of P2X6 and P2X7 was down-regulated in hAT-MSCs during osteogenesis
(Zippel et al., 2012). However, two recent studies show that the P2X7 expression at the
MRNA and protein levels was up-regulated in rBM-MSCs (Li et al., 2015b) and hPDLSC

during osteogenesis (Xu et al., 2019).
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The role of the ATP-sensitive P2Y receptors in regulating MSC osteogenesis has been
also investigated using agonist and/or antagonist in combination with examining the
expression of the P2Y receptors and/or osteogenic genes. For example, treatment of hAT-
MSCs with suramin and PPADS during osteogenic differentiation inhibited
mineralization of bone extracellular matrix, which was rescued by application of
exogenous ATP, suggesting an involvement of ATP-sensitive P2 receptors in osteogenic
differentiation (Zippel et al., 2012). However, it was not clearly established which P2
receptor(s) mediate(s) the inhibition of osteogenic differentiation by suramin and PPADS
(Zippel et al., 2012). A separate study reported that the P2Y1 protein expression was
detected at the early stage of osteogenic differentiation (7 days in osteogenesis inducing
medium) of hBM-MSCs but declined afterwards (Noronha-Matos et al., 2012). These
findings are consistent with a decrease in ATP-induced Ca?* responses in hBM-MSCs
after osteogenic induction for 21 days compared to those in cells after osteogenic induction
for 7 days. In addition, pre-treatment of hBM-MSCs, cultured for 7 days in osteogenesis
inducing medium, with MRS2179 totally abolished ATP-induced Ca?* responses,
indicating that the P2Y1 receptor promotes osteogenic commitment (Noronha-Matos et
al., 2012). Interestingly, overexpression of the P2Y1 or P2Y2 receptor suppressed
osteogenesis of hAT-MSCs (Zippel et al., 2012). Furthermore, changes in the expression
of the P2Y receptors during osteogenesis were investigated. The P2Y1 expression at the
MRNA and protein levels was down-regulated in hAT-MSCs (Zippel et al., 2012) and
hBM-MSCs after osteogenic differentiation (Noronha-Matos et al., 2012). The P2Y2
expression at both mRNA and protein levels was also down-regulated after osteogenic
differentiation in hAT-MSCs (Zippel et al., 2012) and rBM-MSCs (Li et al., 2016), but
up-regulated at the protein level in hBM-MSCs (Noronha-Matos et al., 2012).

1.6.3.3 Chondrogenic differentiation

The current knowledge regarding the regulation of chondrogenic differentiation of MSC
by ATP and P2 purinergic signalling is limited. An early study reported that ATP-induced
increase in the [Ca?*]i enhanced the expression of chondrogenic genes, including
aggrecan, collagen type Il and sex determining region Y box-9 (Sox-9) in mouse BM-
MSCs (MBM-MSCs) after chondrogenic differentiation (Kwon. 2012). These effects were

37



lost upon treatment with P2X4 selective antagonist 5-BDBD, indicating that ATP induces
Ca?" influx via the P2X4 receptor and subsequent chondrogenic differentiation in mBM-
MSCs (Kwon, 2012). Two independent studies provide evidence to show that
endogenously released ATP through the connexin hemi-channels activates the P2
receptors and stimulates the accumulation of collagen type Il and chondrogenic
differentiation of hBM-MSCs (Gadjanski and Vunjak-Novakovic, 2013) and pig BM-
MSCs (Steward et al., 2016).

1.6.3.4 Neural and glial differentiation

There is some evidence to suggest that extracellular ATP regulates differentiation of
MSCs into neural and glial lineages. Tu et al. (2014) showed that exogenously applied or
endogenously released ATP increased the expression of neuron-specific class III B-tubulin
(Tujl) and paired box 6 (Pax6) and stimulated neural differentiation of hBM-MSCs (Tu
et al., 2014). Treatment with TNP-ATP, which is known to inhibit several P2X receptors,
including P2X1, P2X2, P2X3 and P2X4 receptors (Jiang et al., 2000), prevented ATP-
induced expression of these neurogenic genes and neural differentiation of hBM-MSCs,
suggesting that P2X receptors mediate ATP-induced stimulation of neural differentiation
(Tu et al., 2014). A separate study showed that exposure of rAT-MSCs to ATP enhanced
differentiation into Schwann cell-like cells, which exhibited the expression of glial
markers and growth factors and the ability to produce myelin and induce neurite outgrowth
(Faroni et al., 2013). The same study demonstrated that glial differentiation of rAT-MSCs
was accompanied by up-regulated expression of P2X4 and P2X7 protein. Furthermore,
ATP induced currents in Schwann cell-like cells, which were inhibited by treatment with
P2X7 selective antagonist AZ10606120, demonstrating functional expression of the P2X7
receptor (Faroni et al., 2013).

In summary, an increasing number of studies have examined regulation by ATP of MSC
differentiation in basal media or under specific differentiation conditions and the role of
the P2 receptors in such regulation. Overall, it is evident that the results are, to various
degree, discrepant. Such discrepancies may be in part attributed to the differences in MSCs

used. Nonetheless, there is evidence to suggest that ATP-induced activation of the P2Y1
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and P2Y2 receptors up-regulates adipogenic differentiation, whereas activation of the
P2X7 receptor down-regulates adipogenic differentiation. ATP stimulates osteogenesis
mainly via the P2X7 receptor and, by contrast, activation of the P2Y2 receptor down-
regulates osteogenic differentiation. Thus, activation of the P2X7 and P2Y2 receptors
imposes opposite regulation of adipogenic and osteogenic differentiation, consistent with
the notion that MSC differentiation into adipocytes and osteoblasts is often mutually
excluded (Chen et al., 2016). There is evidence to show that ATP promotes MSC
differentiation into chondroblasts via the P2X4 receptor. Finally, ATP enhances MSC
differentiation into neuron-like cells via the P2X1 and P2X4 receptors, and Schwann cell-

like cells via the P2X7 receptor.

1.7 Expression of Piezol channel in MSCs and its role in regulating cell functions

There is a strong evidence that MSCs are mechanosensitive, exhibiting the ability to sense
and transduce mechanical signals from their niche and convert them into intracellular
signalling mechanisms to regulate cell functions (Lee et al., 2011; Liu and Lee, 2014; Li
et al., 2018; Goetzke et al., 2018). For example, hBM-MSCs were shown to commit a
specific cell lineage and phenotype due to the extreme sensitivity to matrices with tissue-
like stiffness (Engler et al., 2006). It was found that hBM-MSCs migrated and
differentiated towards neuron-like cells when cultured on soft substrates that mimic the
brain, muscle cells on modestly stiff substrates that mimic muscles, and bone cells on rigid
substrates that mimic collagenous bone (Engler et al., 2006). In addition, hBM-MSC
proliferation was increased by fluid flow (Riddle et al., 2007) and shockwaves (Suhr et
al., 2013), and hAT-MSC proliferation was also increased by shockwaves (Weihs et al.,
2014). Similarly, migration of hBM-MSCs, as shown using the scratch wound healing
assay, was simulated by shear stress (Yuan et al., 2012; Yuan et al., 2013) and shockwaves
(Suhr et al., 2013). In another study, hBM-MSCs differentiation into osteoblasts was
significantly enhanced after exposure to shockwaves (Sun et al., 2013). These
observations indicate that MSC functions are highly regulated by mechanical stimuli.

Recent studies have drawn attention to the Piezol channel in MSCs. The protein

expression of Piezol was shown using western blotting in rDP-MSCs and rPDLSCs by
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Gao et al. (2017). The Piezol protein expression was up-regulated in rDP-MSCs, but not
rPDLSCs, upon stimulation by mechanical low-intensity pulsed ultrasound (LIPUS),
indicating that Piezol is responsive to LIPUS in rDP-MSCs (Gao et al., 2017).
Mechanically activated currents were inhibited by treatment with RR, suggesting a role
for Piezol in mediating such mechanically activated currents (Gao et al., 2017). Moreover,
as shown using BrdU labelling assay, exposure to LIPUS induced proliferation of rDP-
MSCs that was inhibited by treatment with RR, suggesting a role of the Piezol channel in
mediating mechanical regulation of MSC proliferation (Gao et al., 2017). The expression
of Piezol at the mMRNA and protein levels was also demonstrated in hBM-MSCs and
MSC-like cells, UE7T-13 and SDP11 cells, using real-time RT-PCR and western blotting,
respectively (Sugimoto et al., 2017). The Piezol mRNA expression was increased after
hydrostatic pressure (HP) (Sugimoto et al., 2017). Exposure of MSC-like cells to HP or
Yodal consistently enhanced the expression of bone morphogenetic protein 2 (BMP2)
and osteogenic differentiation, and suppressed the expression of adipogenic marker
lipoprotein lipase (LPL) expression and adipogenic differentiation (Sugimoto et al., 2017).
Treatment with Piezol-specific SiRNA inhibited osteogenic differentiation and induced
adipogenic differentiation. In addition, treatment of hBM-MSCs with GsMTx4 inhibited
HP loading and Yodal-induced BMP2 expression and osteogenic differentiation
(Sugimoto et al., 2017). These results collectively suggest that the Piezol channel plays a
role in regulating osteogenic and adipogenic differentiation of MSCs.

As already discussed above, MSCs are known to release ATP in response to mechanical
stimuli such as fluid flow-induced shear stress and shockwaves, and one interesting role
for the Piezol channel that has emerged from recent studies is to mediate or regulate ATP
release. It is interesting to know whether the Piezol channel plays a similar role in
mediating ATP release from MSCs. In the present study (chapter 4), | investigate the
expression of the Piezol channel in hDP-MSCs and its role in regulating cell migration,
particularly its role in promoting ATP release from hDP-MSCs.
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1.8 Ca?*-dependent downstream signalling in MSC functions

Intracellular Ca®* as a second messenger can induce or regulate a number of Ca?'-
dependent signalling pathways. Protein kinase C (PKC), proline-rich tyrosine kinase 2
(PYK2) and calmodulin kinase 11 (CaMKI1) represent three Ca?*-sensitive protein kinases.
Activation of these kinases is important in mediating Ca?*-dependent activation of
downstream signalling cascades, particularly mitogen-activated protein Kkinases
(MAPKS), a serine/threonine kinase family composed of extracellular signal-regulated
kinase (ERK), p38 kinase and Jun N-terminal kinase (JNK) (Kim and Choi, 2010). In this
section, I will introduce PKC, PYK2 and CaMKII and discuss the roles of these kinases
and the MAPKSs signalling pathways in the regulation of cell proliferation, differentiation
and migration, focusing mainly on MSCs. Figure 1.7 summarizes such Ca?*-dependent

downstream pathways in the regulating MSC functions to be discussed in this section.

1.8.1 PKC

PKCs are serine/threonine kinases that can be grouped into three classes according to their
sensitivity to activation by Ca?* and DAG. Conventional PKCs, including PKCa, 1, B2
and v, are activated via both Ca?* and DAG, and novel PKCs, comprising PKC9, €, 1, 0
and p, are activated by DAG but insensitive to Ca?*, while atypical PKCs, composed of
PKC{, Miand p, are insensitive to both Ca?" and DAG (Reyland, 2009; Singh et al., 2017).
Conventional PKCs, particularly PKCa that exhibits ubiquitous expression (Webb et al.,
2000) and has been most extensively studied (Kang, 2014; Singh et al., 2017), have
important roles in the crosstalk between multiple signalling pathways regulating cell
functions. Studies often depend on using calphostin C and chelerythrine, broad PKC
inhibitors targeting conventional, novel and atypical PKCs, and also conventional PKC
specific inhibitors, such as staurosporine (PKCa and y), bisindolylmaleimide (PKCa, B1,
B2 and y), G66983 (PKCa, B and y) and G66976 (PKCa and PKCp).

As introduced above, activation of the Go,g11-coupled P2Y receptors, including ATP-
sensitive P2Y1, P2Y2 and P2Y11, results in an increase in the [Ca®*]; and generation of
DAG (Figure 1.5), leading to activation of PKC. It has been reported that mechanically
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released ATP induced activation of the P2Y2 receptor in osteoblast-like cells, resulting in
a subsequent increase in the [Ca®']i and activation of PKC and downstream MAPK
signalling pathways (Katz et al., 2006; Katz et al., 2008). Moreover, it was shown that
activation of the P2Y2 receptor induced by ATP in human endometrial stromal cells
(Chang et al., 2008) or UTP in glioma cells (Tu et al., 2000) triggered activation of PKC
and the MAPK kinase (MEK)/ERK downstream signalling pathway. In addition to P2Y
receptors, it is known that PKC can be activated via other Geq11-1PsR-DAG/Ca?* release
signalling GPCRs, such as muscarinic acetylcholine (ACh) receptors (mMAChRs) by ACh
(Tang et al., 2012), sphingosine-1-phosphate (S1P) receptor by S1P (Liu et al., 2010) and
lysophosphatidic acid (LPA) receptors by LPA (Ryu and Han, 2015). PKCs can also be
directly activated by DAG-mimicking compounds, such as phorbol 12-myristate 13-
acetate (PMA) and phorbol 12,13-dibutyrate (PDBu) (Liu et al., 2010).

The role of PKC in the regulation of cell proliferation has been demonstrated in different
cell types, such as glioma cells (Tu et al., 2000), endometrial stromal cells (Chang et al.,
2008) and osteoblastic cells (Swarthout et al., 2001; Ghayor et al., 2005). Regulation by
PKC of MSC proliferation has also been reported. For example, exposure to 17-estradiol
promoted proliferation of hMSCs of undefined tissue origin, measured by using
radioactively tritium-labeled thymidine ([®*H] thymidine) incorporation assay and
fluorescence-activated cell sorting of cells stained with propidium iodide, and the effect
was inhibited by treatment with bisindolylmaleimide and staurosporine, suggesting a role
of PKC in mediating 17p-estradiol-induced regulation of cell proliferation (Yun et al.,
2009). However, it remains unknown how 17p-estradiol activates PKC. In contrast, it was
shown in a separate study using Alamar blue assay that treatment with PKC activator PMA
or PDBu inhibited proliferation of hBM-MSCs, whereas treatment with S1P had no effect
(Liu et al., 2010). Another study reported that exposure of hMSCs from undefined tissue
to high glucose (25 mM) increased the [Ca?']i via unidentified mechanism(s) and
stimulated cell proliferation, determined using [®*H] thymidine incorporation assay (Ryu
et al., 2010a). High glucose-induced increase in cell proliferation was attenuated by
bisindolylmaleimide and staurosporine, indicating the involvement of PKC activation in

high glucose-induced cell proliferation (Ryu et al., 2010a). A subsequent study using

42



PicoGreen assay, however, reported that treatment with G66983 induced no effect on
proliferation of hBM-MSCs cultured in medium containing high glucose (25 mM) (Tsai
et al., 2013). Such discrepancies may be attributed to the difference in stimuli used,
duration of PKC activation, PKC isoforms and localization, and downstream signalling
pathways that depends on PKC (Nishizuka, 1992; Clark et al., 2004; Racz et al., 2006;
Black and Black, 2012; Heckman et al., 2017). Some of the studies described above further
showed that PKC acts as an upstream of the MAPK signalling pathway(s) in the regulation
of cell proliferation of MSCs. For example, high glucose-induced activation of the
MEK/ERK and p38 MAPK, examined by western blotting, was inhibited by treatment
with bisindolylmaleimide and staurosporine (Ryu et al., 2010a). Additionally, pre-
treatment with MEK/ERK inhibitor, PD98059, and p38 inhibitor, SB203580, blocked
high glucose-induced hMSC proliferation (Ryu et al., 2010a). Similarly, 17p-estradiol-
induced activation of MEK/ERK, also determined by western blotting, was attenuated by
treatment with bisindolylmaleimide and staurosporine (Yun et al., 2009). Pre-treatment
with PD98059 reduced 17pB-estradiol-induced proliferation of hMSCs (Yun et al., 2009).
These findings suggest that PKC-mediated activation of downstream MEK/ERK and p38
MAPK signalling pathways is involved in regulating MSC proliferation (Yun et al., 2009;
Ryu et al., 2010a).

It is also known that PKC plays a role in cell differentiation. PKC activation has been
shown to stimulate osteogenesis of osteoblast-like cells (Costessi et al., 2005; Katz et al.,
2006; Katz et al., 2008), adipogenesis of pre-adipocytes (Fleming et al., 1998; Nishizuka
et al., 2008) and chondrogenesis of chick limb bud mesenchymal cells (Choi et al., 1995;
Lim et al., 2003). Consistently, PKC activation has also been shown to regulate MSC
differentiation. For example, treatment with PMA and PDBu inhibited, whereas treatment
with G66976 promoted, the ALP expression in hBM-MSCs (Liu et al., 2010). The same
study also showed that treatment with ionomycin to increase the [Ca*]; decreased the ALP
expression during osteogenic differentiation. These results consistently support the
negative effect of Ca?*-induced PKC activation on osteogenesis (Liu et al., 2010). There
is evidence to suggest that PKC activation has a positive role in regulating adipogenic
differentiation. For example, pretreatment of hBM-MSCs with high glucose stimulated

the expression of LPL during adipogenesis, which was reduced by treatment with PKC
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inhibitor G66983 (Tsai et al., 2013). In the same study, it was also shown that PKC
activation following exposure to high glucose had a negative effect on chondrogenesis
differentiation of hBM-MSCs that was reversed by PKC inhibitor G66983, resulting in
increased expression of aggrecan and collagen type Il (Tsai et al., 2013). Two separate
studies showed that PMA-induced PKC activation stimulated differentiation of hDP-
MSCs (Kiraly et al., 2009) and hBM-MSCs (Scintu et al., 2006) into neuron-like cells

expressing neuron-specific enolase.

The role of PKC in promoting cell migration has been documented in different cell types,
including intestinal epithelial cells (Sumagin et al., 2013), glioblastoma cells (Nomura et
al., 2007) and HelLa cells (Gao et al., 2014). A similar role for PKC has also been
demonstrated in MSCs. For example, LPA promoted lamellipodia formation and cell
migration in hUC-MSCs, which was blocked by treatment with staurosporine and
bisindolylmaleimide, indicating that PKC activation mediates LPA-induced cell migration
(Ryu and Han, 2015). Similarly, interleukin-1p (IL-1p) via activation of the IL-1 receptor
stimulated lamellipodia formation and migration of hUC-MSCs, and such an effect was
prevented by treatment with calphostin C or G06976, as well as treatment with
BAPTA/AM, a Ca?* chelator, supporting a critical role for Ca?*-sensitive PKC in IL-1p-
induced stimulation of cell migration (Lin et al., 2015). Exposure of rBM-MSCs to ACh
accelerated cell migration, which was blocked by treatment with staurosporine or G66976
and also by siRNA-mediated knockdown of PKCa and PKCp, as well as treatment with
IPsR inhibitor 2-APB. These results collectively support the notion that induction of the
MAChR-Gq11-1PsR-DAG/Ca?* release signalling pathway and subsequent activation of
PKC mediate ACh-induced increase cell migration in the trans-well migration assay (Tang
et al., 2012). Consistently, as shown in another study, direct activation of PKC by PMA
increased migration of rBM-MSCs using cell adhesion and spreading assays (Song et al.,
2013). The same study further demonstrated that injection of PMA-treated rBM-MSCs
into rats improved ischemia-induced myocardial infarction, supporting the role of PKC
activation in promoting MSC migration in vivo (Song et al., 2013). It is known that netrin-
1 can activate the deleted in colorectal cancer (DCC) receptor to stimulate the PLC-IP3R

signalling (Xie et al., 2006). A recent study shows that treatment with netrin-1 increased
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hUC-MSC migration, assessed by wound healing and trans-well migration assays, that
was attenuated by staurosporine and bisindolylmaleimide, suggesting the engagement of

PKC in netrin-1 induced cell migration (Lee et al., 2014).

Some of the above-described studies provide evidence to show that PKC-dependent
increase in MSC migration in response to various stimuli is mediated through downstream
MAPK signalling pathway(s). For example, IL-1B-induced activation of MEK/ERK in
hUC-MSCs, examined by western blotting, was prevented by treatment with calphostin C
and G06976, and Ca?" chelator, BAPTA/AM (Lin et al., 2015). Furthermore, IL-1p-
induced hUC-MSC migration was inhibited by treatment with MEK/ERK inhibitors,
U0126 and PD98059 (Lin et al., 2015). Likewise, ACh-induced activation of MEK/ERK,
determined by western blotting, was inhibited by treatment with a 2-APB, staurosporine,
G06976, and PKCa as well as PKCB-specific SIRNA in rBM-MSCs (Tang et al., 2012).
Additionally, treatment with PD98059 prevented ACh-induced rBM-MSC migration
(Tang et al., 2012). Furthermore, netrin-1-induced activation of MEK/ERK and JNK
MAPKSs, assessed by western Dblotting, was blocked by treatment with
bisindolylmaleimide and staurosporine in hUC-MSCs (Lee et al., 2014). The role of
MEK/ERK and JNK was also examined in netrin-1-induced hUC-MSC migration
showing that treatment with PD98059 and the JNK inhibitor, SP600125, prevented cell
migration (Lee et al., 2014). Collectively, these findings suggest that PKC-mediated
activation of downstream MEK/ERK and JNK MAPK signalling pathways regulate MSC
migration (Lin et al., 2015; Tang et al., 2012; Lee et al., 2014).

1.8.2 PYK2

PYK2, also known as related adhesion focal tyrosine kinase, is a cytoplasmic Ca?*-
sensitive non-receptor tyrosine kinase and can also be activated by PKC-mediated
phosphorylation (Lev et al., 1995). PYK?2 is also well-recognized for its role in mediating
Ca?*-dependent induction of the MAPK signalling pathways in many types of cells, such
as neuronal cells, embryonic kidney cells, and astrocytes (Lev et al., 1995; Blaukat et al.,
1999; Wang and Reiser, 2003). PYK2 is readily activated by various stimuli that increase

the [Ca®'];. For example, activation induced by ATP or UTP of the P2Y2-Gg,q11-IP3R-
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DAG/Ca?* release signalling pathway elevated the [Ca®']; to trigger sequential activation
of PYK2 and the MEK/ERK signalling pathway in neuronal cells (Soltoff et al., 1998).
Treatment with Ca?* chelators, EGTA and BAPTA/AM, reduced phosphorylation and
activation of PYK2, suggesting that PYK2 activation is Ca?*-dependent (Soltoff et al.,
1998). UTP-induced activation of the P2Y2-Gaq11-IPsR-DAG/Ca?* release signalling
pathway in astrocytoma cells expressing the recombinant P2Y?2 receptor induced PYK2
activation (Liu et al., 2004). 1t was also reported that mechanical stretch-induced Ca?*
influx in smooth muscle cells activated PYK2 and downstream Ras/ERK signalling
pathway and, in addition, such stretch-induced PYK2 activation was reduced by treatment
with BAPTA/AM, supporting Ca?*-dependent activation of PYK2 (lwasaki et al., 2003).

PYK2 plays an important role in promoting cell proliferation, as shown in astrocytes
(Wang et al., 2002; Wang and Reiser, 2003), osteoblast-like cells (Boutahar et al., 2004)
and hepatocellular carcinoma cells (Sun et al., 2008). There is strong evidence to show
that PYK2 activation also promotes migration of epithelial cells (Block et al., 2010),
endothelial cells (Kuwabara et al., 2004), cervical cancer cells (Chen et al., 2011) and
hepatocellular carcinoma cells (Sun et al., 2008). However, the role of PYK2 in regulating

MSC proliferation and migration is unclear.

The current understanding regarding the role of PYK2 in regulating cell differentiation is
limited. However, there is some evidence to show an important role of PKY2 in regulating
MSC osteogenic differentiation. Two independent studies have found that mBM-MSCs
derived from PYK2-deficient mice possessed a greater ability of osteoblast differentiation
than wild-type cells under osteogenesis inducing conditions in vitro (Buckbinder et al.,
2007; Eleniste et al., 2016). Consistently, knockdown of the PYK2 expression in mBM-
MSCs and transfection with adenovirus expressing PY K2-specific short-hairpin RNA or
expressing a kinase-inactive PYK2 mutant in hMSCs of undefined tissue origin increased
the ALP activity during osteogenic differentiation (Buckbinder et al., 2007). These results
consistently support PYK2-mediated negative regulation of osteogenesis.
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1.8.3 CaMKIl|I

Calmodulin (CaM) is a ubiquitous intracellular Ca?*-binding protein and changes its
conformation upon Ca?* binding. Serine/threonine kinase CaMKII represents the major
target for Ca?*/CaM (Agell et al., 2002; Zayzafoon, 2006). As illustrated in studies
discussed below, CaMKII inhibitors such as KN-93 and KN-62 are commonly used to

study the role of CaMKI|I in regulating cell functions.

Studies using a different type of cells have shown that activation of CaMKII positively
regulates cell proliferation, for example, in colon cancer cells (Wang et al., 2008; Li et al.,
2009) and melanoma cancer cells (Umemura et al., 2014). However, a recent study has
found that treatment with KN-93 resulted in no effect on proliferation of rBM-MSCs (Qu
etal., 2015).

The role of CaMKII in regulating cell differentiation has been examined, for example,
osteogenic differentiation of murine C2C12 myoblast cells (Seo et al., 2009; Choi et al.,
2013) and osteoblast-like cells (Zayzafoon et al., 2005) and adipogenesis of embryonic
stem cells (Szabo et al., 2009) and 3T3 pre-adipocytes (Visweswaran et al., 2015). There
is accumulating evidence to support an important role for CaMKII in regulating MSC
differentiation. For example, inhibition of CaMKII in hBM-MSCs by treatment with KN-
93 suppressed the downstream MEK/ERK signalling pathway and mineralization of bone
extracellular matrix during osteogenic differentiation (Shin et al., 2008). Conversely, as
shown in a separate study, activation of CaMKII, as a result of Ca?* influx through the
voltage-gated Ca?* channels that were activated by potassium chloride (KCI)-induced
membrane depolarization (Pasek et al., 2015), promoted the Rux2 expression after
osteogenic differentiation MSC-like cells, ST2 cells (Takada et al., 2007). The same study
also showed that activation of CaMKII by KCI through the voltage-gated Ca?* channels
suppressed the PPARy activity during adipogenic differentiation of MSC-like cells
(Takada et al., 2007). In contrast, a recent study has reported that inhibition of CaMKII
by treatment with KN-62 or KN-93 reduced lipid accumulation and the expression of
PPARy and CEBPa porcine BM-MSCs (pBM-MSCs) during adipogenesis (Zhang et al.,

2018b). Regarding the role of CaMKI|I in the regulation of chondrogenesis, treatment of
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rBM-MSCs with KN-93 during chondrogenic induction increased the mRNA expression
level of several cartilage markers, including collagen type Il, aggrecan and Sox-9,

suggesting that CaMKI1 activation inhibits chondrogenic differentiation (Qu et al., 2015).

CaMKII has shown to positively regulate migration of fibroblast cells (Easley et al., 2008)
breast cancer cells (Chi et al., 2016) and melanoma cancer cells (Umemura et al., 2014).
There is evidence to show that Ca?*-induced activation of CaMKII regulates MSC
migration. In hBM-MSCs, exposure to LPA stimulated cell migration via activation of the
LPAR-Gaq11-1PsR-Ca?" release signalling pathway, and such LPA-induced effect was
completely blocked by treatment with KN-93, suggesting critical involvement of CaMKI|I
in mediating LPA-induced stimulation of hBM-MSC migration (Song et al., 2010).
Consistently, another study showed that inhibition of CaMKII by treatment with KN-93
suppressed hBM-MSC migration (Shin et al., 2008).

In the present study, | have examined the role of the above-discussed downstream Ca?*-
sensitive kinases and downstream MEK/ERK and p38 MAPK signalling pathways in
ATP-induced P2 receptor-dependent regulation of cell migration (chapter 3), Yodal-
induced Piezol channel-dependent regulation cell migration (chapter 4), and also ATP-
induced P2 receptor-dependent regulation of adipogenic differentiation (chapter 5) in
hDP-MSCs.
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Figure 1.6 Schematic summary of the Ca?*-dependent signalling pathways in
regulating MSC functions

Different stimuli induce an increase in the [Ca?"]i that can stimulate Ca®*-sensitive protein
kinases, calmodulin kinase Il (CaMKIl), protein kinase C (PKC), proline-rich tyrosine
kinase 2 (PYK2), and the downstream mitogen-activated protein kinases (MAPKS)
signalling pathways. PYK2 can be also activated by PKC. Activation of these signalling
pathways leads to regulation of MSC functions, including cell proliferation, differentiation
and migration, as discussed in detail in the text (section 1.5).

1.9 Aim and objectives of the study

The overall aim of this study is to provide a better understanding of the Ca?*-signalling
mechanisms in the regulation of MSC functions. My study particularly investigates the
hypothesis that ATP-sensitive P2 receptors have a role in regulating migration and
adipogenic differentiation of hDP-MSCs and that extracellular ATP regulates such MSC
functions through Ca?*-dependent downstream signalling pathways, and also examines
the hypothesis that activation of the Piezol channel regulates hDP-MSC migration via

inducing ATP release and activation of the P2 receptors and downstream Ca?*-dependent
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proteins. The specific objectives of the study using multidisciplinary approaches including

the following:

1. To investigate the role of ATP-sensitive P2 receptors and downstream Ca?*-dependent
signalling pathways in mediating ATP-induced regulation of hDP-MSC migration, using

trans-well and wound healing assays (Chapter 3).

2. To examine the expression and function of the Piezol channel in hDP-MSCs, using
real-time RT-PCR, immunostaining and Ca®* imaging, and the role of the Piezol channel
and downstream Ca?*-dependent signalling pathways on hDP-MSCs migration, using

SiRNA transfection and wound healing assay (Chapter 4).

3. To assess the expression of the P2Y1, P2Y2, P2Y11 and P2X7 receptors during ATP-
induced regulation of adipogenic differentiation of hDP-MSCs, using real-time RT-PCR,
and the role of the downstream Ca?*-dependent signalling pathways in mediating ATP-

induced regulation of adipogenic differentiation, using oil red O staining (Chapter 5).
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CHAPTER 2
Materials and Methods

2.1 Materials
2.1.1 Chemicals

General chemicals and reagents used, including culture medium and antibodies, are summarized in
Table 2.1.

Table 2.1 Summary of chemicals and reagents

Chemicals Supplier

Cell culture
Ethanol VWR International
Dulbecco’s modified Eagle’s medium (DMEM) Invitrogen
supplemented with GlutaMAX™-|
Foetal bovine serum (FBS) Invitrogen/PLL
Penicillin-streptomycin Sigma-Aldrich
Dulbecco’s phosphate buffered saline (D-PBS) Lonza

0.05% Trypsin-EDTA solution

Invitrogen, Sigma

FLEX-Station recording

Sodium chloride (NaCl)

Fisher Scientific

Potassium chloride (KCI)

Fisher Scientific

Calcium chloride solution (CaCly)

Sigma-Aldrich

Magnesium chloride solution (MgCly)

Sigma-Aldrich

N-(2-hydroxyethyl) piperazine-N’-(2-ethanulfonic acid)

Fisher Scientific

(HEPES)

D-Glucose VWR International
Milli-Q® distilled water Millipore
Ethylene glycol tetraacetic acid (EGTA) Sigma-Aldrich
Fura-2/acetoxymethyl (AM) Invitrogen
Pluronic acid® F-127 (PA) Invitrogen
Adenosine 5°-triphosphate disodium salt (ATP) Sigma-Aldrich
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Adenosine 5’-triphosphate disodium salt (ADP)

Sigma-Aldrich

2'-&3'-0-(4-benzoyl-benzoyl)-ATP (BzATP)

Sigma-Aldrich

NF546

Tocris Bioscience

o,B-methylene ATP (afmeATP)

Sigma-Aldrich

Yodal

Tocris Bioscience

Pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid
(PPADS)

Tocris Bioscience

Grammostola spatulata mechanotoxin 4 (GsSMTx4)

Tocris Bioscience

Ruthenium red (RR)

Merck

lonomycin

Cayman Chemical

Adipogenic differentiation

Isobutyl-methylxanthine (IBMX) Sigma-Aldrich
Dexamethasone Sigma-Aldrich
Insulin Invitrogen
Indomethacin Sigma-Aldrich
Oil red O dye Sigma-Aldrich
Isopropanol Sigma-Aldrich
Paraformaldehyde (PFA) Sigma-Aldrich
Hoechst 33342 Cell Signalling
Technology
Immunostaining
Goat serum Sigma-Aldrich
Triton® X-100 Sigma-Aldrich
Rabbit anti-Piezol antibody Proteintech
Fluorescein isothiocyanate (FITC)-conjugated goat anti- Sigma-Aldrich
rabbit IgG antibody
Slow Fade® Gold antifade reagent with DAPI (4',6- Invitrogen
diamidino-2-phenylindole)
DNA quantitation
20x Tris-EDTA (TE) buffer Invitrogen
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DNA standards Invitrogen

Picogreen reagent Invitrogen
Real-time RT-PCR

RNAqueous™ Micro kit Invitrogen

TURBO DNA-free kit Invitrogen

High Capacity RNA-to-cDNA kit

ThermoFisher Scientific

SensiMix™ SYBR & Fluorescein kit

BIOLINE

Agarose Fisher Scientific
Tris-base Sigma-Aldrich
Glacial acetic acid Fisher Scientific
Ethidium bromide Sigma-Aldrich
6x gel loading buffer Biolabs

100 bp DNA ladder Biolabs
Piezol-specific SIRNA Ambion
Negative control sSiRNA #1 Ambion
Negative control sSiRNA Dharmacon
Lipofectamine® RMAIMAX transfection reagent Invitrogen

Opti-MEM™ reduced serum medium

ThermoFisher Scientific

Cell migration assay

Falcon® cell culture inserts, 8.0-um pore size Corning
Culture-insert 2 wells Ibidi

KN-93 Sigma-Aldrich
Chelerythrine chloride (CTC) Tocris Bioscience
PF431396 Tocris Bioscience
u0126 Cayman Chemical
SB202190 Tocris Bioscience

Apyrase from potatoes

Sigma-Aldrich
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2.1.2 Culture media and solutions

All culture media and solutions are summarized in Table 2.2. Solutions were prepared

with Milli-Q deionized water and, if necessary, sterilized by using 0.22-um filters.

Table 2.2 Summary of culture media and solutions

Cell culture

Basal medium DMEM supplemented with GlutaMAX™-1, 10%
FBS, and 100 unit/ml penicillin and 100 pg/ml

streptomycin

Adipogenic differentiation

Adipogenic differentiation Basal medium supplemented with 0.5 mM IBMX,
inducing medium 10 uM dexamethasone, 10 pg/ml insulin and 200

uM indomethacin

4% PFA solution Diluted from 37% PFA with PBS

0.5% oil red O stock solution 5 mg/ml oil red O powder dissolved in isopropanol

0.3% oil red O working Prepared freshly by diluting 0.5% oil red O stock

solution solution with distilled water

DNA content determination

TE buffer 10 mM Tris-HCl and 1 mM EDTA, pH 8.0

FLEX-Station recording

Standard buffer solution (SBS) | NaCl 134, KCI 5, CaCl» 1.5, MgCl» 1.2, HEPES

containing calcium (in mM) 2.38, glucose 8, in distilled water, pH 7.4

SBS without calcium (in mM) | NaCl 134, KCI 5, MgCl2 1.2, HEPES 2.38, glucose
8, EGTA 0.4, in distilled water, pH 7.4

10% PA solution 10% (w:v) PA dissolved in DMSO

Loading buffer SBS containing 4 uM Fura-2/AM and 0.04% PA
Immunostaining

Blocking solution PBS containing 10% (v:v) goat serum

Permeabilization solution PBS containing 0.3% (v:v) Triton X-100
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Hoechst 33342 staining 1 mg/ml stock solution in distilled water

solution

siRNA transfection

SiIRNA 20 UM stock in nuclease-free water

Agarose gel preparation

10 mg/ml ethidium bromide 0.1 g dissolved in 10 ml distilled water

Tris Acetate EDTA (TAE) 40 mM Tris-base, 0.114% (v:v) glacial acetic acid,
buffer and 1 mM EDTA, in distilled water, pH 8.0
2% DNA agarose gel 2% (w:v) agarose in TAE buffer and containing 0.5

ug/ml ethidium bromide

2.2 Methods
2.2.1 Cell culture

The hDP-MSCs used in this study were isolated from the molar teeth from two female
donors of 9 and 32-year-old and two male donors of 22 and 20-year-old, named as 9F,
32F, 22M and 20M, respectively, from our previous study (Peng et al., 2016). The frozen
cells were removed from a liquid nitrogen cryostat and thawed immediately by incubating
at 37°C. The completely thawed cell suspension was transferred into a T-25 flask
containing 5 ml basal medium (Table 2.2). After cells were settled down during incubation
for 24 hours at 37°C and 5% CO: in a tissue culture incubator, the basal medium was
replaced with a fresh basal medium. Cells, when reaching around 80-90% confluency,
were sub-cultured. The old media was aspirated, and cells were washed with D-PBS
(Lonza) and covered with 0.05% Trypsin-EDTA solution (Invitrogen). Cells were
incubated at 37°C for 3-5 minutes or until cells were detached. An equal amount of basal
media was added, and cells were collected by centrifugation at 300 relative centrifugal
force (rcf) for 5 minutes. The cell pellet was gently re-suspended in basal medium. The
cells were cultured in basal medium in T25 and T75 flasks with the medium replaced
every 3-4 days until ~90% confluency was reached. Cells within the fourth to sixth

passages were used in the study.

55



2.2.2 Real-time reverse transcription-polymerase chain reaction (RT-PCR)

Cells were seeded at 8 x 10* per well in 6-well plates. Cells, when reaching ~90%
confluency, were collected, and total RNA was extracted using a RNAqueous™-Micro kit
and treated with a TURBO DNA-free kit (Invitrogen) to remove DNA contamination
according to the manufacturer’s instructions. The RNA concentration and purity were
determined, using a Nanodrop 2000c spectrophotometer (ThermoFisher Scientific).
Approximately 0.6 pg RNA was reverse-transcribed into cDNA in 20 pl reaction volume
using a High Capacity RNA-to-cDNA kit (ThermoFisher Scientific). The same procedure
was carried out for preparing the negative control with Master Mix without reverse
transcriptase (ThermoFisher Scientific). The reverse transcription was performed using a
Mastercycler Gradient polymerase chain reaction (PCR) machine (Eppendorf) at 37°C for
60 minutes. Reactions were stopped at 95°C for 5 minutes and held at 4°C. The resulting
cDNA was stored frozen at -20°C for further analysis using real-time RT-PCR. Real-time
RT-PCR was performed in a PCR machine (ROTOR-Gene model 6000, Corbett
Research) using a SensiMix" SYBR & Fluorescein kit (Bioloine) according to the
manufacturer’s instructions. The cDNA samples were amplified using primers specific to
the target genes as shown in Table 2.3. The PCR reaction in a total volume of 20 pl,
containing 1.66 pl of the cDNA sample, 10 pl of 2x SenisMix ™ SYBR & Fluorescein, 0.5
pl of 10 uM forward primers, and 0.5 pl of 10 uM reverse primers. The real-time RT-
PCR protocol consisted of 95°C for 10 minutes, 45 cycles of 95°C for 10 seconds, 60°C
for 15 seconds and 72°C for 20 seconds, followed by a final melting step from 72°C to
95°C. Data were analyzed using ROTOR-Gene 6000 series software 1.7. The cycle
threshold (C:) value was set at 0.2, representing the minimal cycle number based on the
point, where the fluorescence signal grows above the background level (Heid et al., 1996).
The mRNA expression level for the gene under investigation was normalized to that of -

actin based on the following equation (Livak and Schmittgen, 2001):
Normalized expression: 25 Cturget gene - 'p-actin”.

The PCR products were also analyzed by electrophoresis on 2% agarose gels. To prepare
agarose gels, the required amount of agarose was added in 1x TAE buffer and heated in a
microwave until agarose was completely dissolved. After the agarose gel solution

temperature was lowered to 50-60°C, ethidium bromide (10 mg/ml) with a final
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concentration of 0.5 pg/ml was added and mixed by gently swirling. Then, the agarose gel
solution was gently poured into a gel casting tray and a comb was inserted to form the
sample wells. Once the gel was formed at room temperature, the comb was gently
removed, and the gel was transferred into the tank of the electrophoresis apparatus
containing and submerged in 1x TAE buffer. Samples were prepared by mixing 10 pul PCR
products with 2 pl 6x loading buffer (Biolabs). The 100 bp DNA ladder solution was
prepared by mixing 2 pl stock solution (500 pg/ml, Biolabs) with 2 ul 6x gel loading
buffer and 8 pl distilled water. DNA samples and DNA ladder were loaded into the sample
wells, and the gel was run at a voltage of 90 V for 45 minutes. The DNA in the gel was
visualized and gel images were captured using a G:BOX gel imaging system
(SYNGENE). The expected sizes of the PCR products are listed in Table 2.3.

Table 2.3 Primers used for PCR

Primers Sequences (5°-3°) Expected sizes
B-actin forward primer | TTGAGACCTTCAACACCC 300
B-actin reverse primer | TCTCTTGCTCGAAGTCC

P2X7 forward primer AAAACAGAAGGCCAAGAGCA 176
P2X7 reverse primer CACCAGGCAGAGACTTCACA

P2Y1 forward primer CCGGCTGTCTACATCTTGGT 152
P2Y1 reverse primer GGCAGAGTCAGCACGTACAA

P2Y?2 forward primer CCACCTGCCTTCTCACTAGC 163
P2Y2 reverse primer TGGGAAATCTCAAGGACTGG

P2Y11 forward primer | AGGGCAAAGTGATGTTCCAC 175
P2Y11 reverse primer CCCTCCAGGCTCTTCTTTCT

Piezol forward primer | AGATCTCGCACTCCAT 182
Piezol reverse primer CTCCTTCTCACGAGTCC
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2.2.3 Immunostaining

Cells were plated in 24-well plate with approximately 20,000 cells on each coverslip
placed in 24-well plates and incubated for 48 hours prior to use. Cells were washed twice
with PBS and fixed with 4% PFA for 20 minutes. After washing with PBS three times,
cells were permeabilized in PBS containing 0.3% Triton X-100 and incubated for 5
minutes. Next, cells were washed three times with PBS, blocked with PBS containing 10%
goat serum for 1 hour at room temperature. Cells were incubated with the primary rabbit
anti-Piezol antibody (Proteintech) at a dilution of 1:100 overnight at 4°C. After washing
with PBS three times, cells were incubated with the secondary FITC-conjugated goat anti-
rabbit IgG antibody (Sigma-Aldrich) at 1:500 at room temperature for 1 hour in dark.
After washing with PBS and rinsing with water, cells were mounted with anti-fade
mounting medium containing DAPI (Invitrogen). Fluorescent images were captured using
an EVOS® Cell Imaging System (ThermoFisher Scientific) or Zeiss LSM880 confocal

microscope and ZEN software, and analyzed using ImageJ.

2.2.4 Measurement of intracellular Ca?* concentration

The intracellular Ca?* level was measured using a FLEX-Station Il plate reader
(Molecular Devices). Cells were seeded at 40,000 cells per well in 96-well plates
(SARSTEDT, Germany) and incubated for 24 hours. Cells were washed with Ca®*-
containing SBS (Table 2.2) and incubated with SBS containing 4 uM Fura-2/AM and
0.04% PA (Invitrogen) at 37°C for 45 minutes in dark. Cells were washed with SBS twice
and incubated for 30 minutes with 160 pl or 200 ul Ca?*-containing or Ca?*-free SBS
(Table 2.2). A 96-well U-bottom compound plate (Greiner Bio-one) was prepared in
advance with the correct layout, concentrations, and volumes of solutions (up to 200 pl
each well), where ATP, ADP, BzATP and NF546 were used in experiments studying the
effects of these purinergic agonists on the [Ca?']i and Yodal was used in experiments
studying the role of the Piezol channel on the [Ca?*]i. The cell assay plate, the compound
plate and pipette tips were loaded into the FLEX-Station machine, recordings were made
using software Softmax Pro (Molecular Devices). In experiments studying the effects of
PPADS and GsMTx4 on an agonist-induced increase in the [Ca?*];, cells were treated for

30 minutes before addition of agonist. To test the effect of RR on Yodal-induced increases
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in the [Ca?"];, cells were treated with RR for 5 minutes before addition of Yodal. In
experiments studying the effect of Yodal on cells transfected with siRNA, cells were
exposed to 5 uM ionomycin at the end of recordings. The FLEX-Station machine uses tips
to transfer compounds from the compound plate to designated wells in the cell assay plate
during the recording; 40 pl or 50 pl compound at 5x working solutions was added to each
well for cells bathed in a solution volume of 160 ul or 200 pl respectively. Intracellular
Ca?" levels were monitored by measuring the ratio of fluorescence intensity at emission of
510 nm that was alternatively excited by 340 nm and 380 nm (F340/F380). Data analysis
was carried out using OriginPro 9.1. All agonists and antagonist stock solutions were

diluted in the SBS to the final concentrations indicated in the figures and text.

2.2.5 Trans-well cell migration assay

Cell migration was examined in the trans-well assay, using Falcon® inserts with a pore
size of 8 um. Cells were seeded at a density of 50,000 per insert in 200 pl DMEM culture
medium with 2% FBS in the upper chamber. The lower chamber was loaded with 500 pl
the same culture medium as the upper chamber. Test compounds including ATP, BzZATP
and NF546 were applied to the medium in the lower chamber at indicated concentrations
to examine their effects on cell migration. In order to study the effect of PPADS on cell
migration, cells were pre-treated for 30 minutes at 37°C. PPADS was also added to the
lower chamber and present throughout the experiment. After 24 hour incubation at 37°C
and 5% COy, the cells migrated onto the opposite side of the insert facing the lower
chamber were stained with Hoechst 33342 (5 ng/ml) for 30 minutes at 37°C. Afterwards,
migrated cells were fixed in 500 pl 4% PFA for 30 minutes at room temperature. Inserts
were rinsed with PBS and non-migrated cells were wiped off by using a cotton pad. After
the insert surface being dry, images were taken with a fluorescent microscope EVOS®
system using transmitted light and blue fluorescence (390-400 nm). The number of
migrated cells in 5 randomly chosen areas were counted using ImageJ. Cell migration was
presented by expressing the migrated cell number under test conditions as % of that under

control conditions.
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2.2.6 Wound healing assay

Cell migration was also examined using the wound healing assay. The wound was created
by using an insert with two chambers (ibidi), placed in the middle of each well of 24-well
plates. Cells were seeded at 20,000-25,000 cells per chamber and incubated for 12-16
hours. The insert was lifted up carefully, and cells were gently washed with D-PBS to
remove the floating or loosely-attached cells. Fresh DMEM culture medium supplemented
with 2% FBS without or with containing test compounds (Yodal and ATP) at indicated
concentrations were added into each well. For the experiments testing the effect of an
inhibitor, cells were pre-treated with the inhibitor at indicated concentrations (KN-93,
CTC, PF431396, U0126, SB202190, apyrase and PPADS) for 30 minutes at 37°C. Phase
contrast images were captured using an EVOS® system at 0, 24, 48 and 72 hours. The
wound area was obtained by measuring the wound edge using TScratch software, and the
wound narrowing area was derived from the difference between the initial wound width

and the wound width.

2.2.7 Transfection with siRNA

Cells were seeded at 40,000 cells per well in 96-well plates and 24-well plates for FLEX-
Station recording and wound healing assay, respectively, or at 80,000 cells per well in 6-
well plates for real-time RT-PCR. After 24 hours, cells were transfected with 30 nM
SiRNA targeting the Piezol gene (siPiezol) (Ambion) or siControl (siCTL). Two siCTL
were used, siControl#1 from Ambion, and non-targeting control sSiRNA from Dharmacon.
Table 2.4 summarizes the cell densities, SiRNA and Lipofectamine® RNAIMAX used for
transfections. For Ca?* imaging experiments, 3 pl 20 uM siRNA and 10 pl Lipofectamine®
RNAIMAX were separately diluted in 400 pl Opti-MEM medium. For wound healing
assay, 3 pl 20 uM siRNA and 6 pl Lipofectamine® RNAIMAX were separately diluted in
400 pl Opti-MEM medium. For real-time RT-PCR experiments, 3 pl 20 uM siRNA and
15 pl Lipofectamine® RNAIMAX were separately diluted in 400 pul Opti-MEM medium.
Diluted siRNA duplex and diluted Lipofectamine® RNAIMAX were mixed and incubated
for 20 minutes at room temperature and supplemented with 1.2 ml basal medium, without
antibiotics (penicillin and streptomycin), to make the final volume of transfection medium

to be approximately 2 ml. Cells in each well were covered with the transfection medium
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with the volume shown in Table 2.4 and incubated at 37°C. After incubation for 6 hours,
the transfection medium was replaced with a fresh basal medium. Cells were used for
measurements of the [Ca?*]; after 24 hours, wound healing assays after 48 hours, and real-
time RT-PCR after 72 hours, post-transfection. The difference in Piezol mRNA
expression in cells transfected with siPiezol relative to that in cells transfected with siCTL
was calculated using the 224 method, where AACt = [(Ctpiezo1 - Ctp-actin)sipiezo1 - (Ctpiezo1
- Ctp-actin)sictL] (Livak and Schmittgen, 2001).

Table 2.4 Cell density, siRNA and Lipofectamine® RNAIMAX used for transfections

Cells/well 20 uM Lipofectamine® Transfection
SIRNA (ul) | RNAIMAX (ul) | medium/well (ul)

96-well plate 40,000 0.15 0.5 100
24-well plate 40,000 0.75 1.5 500
6-well plate 80,000 1.5 7.5 1000

2.2.8 Adipogenic differentiation

Cells were plated into 24-well or 6-well plates with 40,000 and 80,000 cells per well,
respectively and maintained in a basal medium until ~70-80% confluency. To induce
adipogenic differentiation, the basal medium was replaced with adipogenic differentiation
inducing medium. In some experiments, cells were also treated with 30 uM ATP. In
experiments determining the effects of the downstream Ca?*-dependent signalling
pathways on ATP-induced stimulation of cell migration, cells were pre-treated with
PF431396 and KN-93 for 30 minutes at 37°C before applying ATP. Cells were incubated
for 21 days, during which the medium was replaced every 3-4 days. After 21 days, oil red
O staining was carried out, as described in the next section. Real-time RT-PCR was also
carried out, as described above in section 2.2.3, to study the expression of P2Y1, P2Y2,

P2Y11 and P2X7 receptors before and after adipogenic differentiation.
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2.2.9 Oil red O staining assay

The oil red O staining assay was conducted to detect the formation of fat droplets, an
indicator of adipogenic differentiation, as described in a previous study (Perry et al.,
2008). After incubated for three weeks in basal or adipogenic differentiation inducing
media as described in section 2.2.8, cells were washed with PBS and fixed with 4% PFA
at room temperature for 30 minutes. Then, cells were rinsed twice with distilled water and
incubated with 60% isopropanol at room temperature for 5 minutes. After isopropanol was
removed, cells were stained with 0.3% oil red O (Table 2.2) for 15 minutes. Next, cells
were rinsed extensively with distilled water to remove the staining solution and further
stained with Hoechst 33342 at a final concentration of 5 pg/ml for 30 minutes in dark. Fat
droplet staining in red and Hoechst 33342 staining in blue were captured using an EVOS®
system using red fluorescence channel (586-615 nm) and blue fluorescence channel (390-
400 nm), respectively. Images were analyzed using ImageJ. Adipogenic differentiation
was determined by quantitating the fat droplets using the following protocols adapted from
a previous study (Basseri et al., 2009). Cells in each well were distained by incubating
with 100 pl isopropanol and rotating at room temperature for 15 minutes to remove oil
red O from the fat droplets. The isopropanol solutions were transferred into a clear, flat
bottom 96-well plate (Greiner Bio-One) and the oil red O content was determined by a
VersaMax Microplate Reader (Varioskan™) at the wavelength of 510 nm (ODs10). The
distained cells were washed with distilled water and collected for DNA content

determination, as described below.

2.2.10 DNA content determination

Cells were washed with PBS and 200 pl PBS containing 0.01% (v:v) Triton X-100 was
added into each wall. Cells were collected using a cell scraper and transferred into
Eppendorf tubes and frozen at -20°C until required or lysed immediately by freezing-
thawing cycles. Collected cells were subjected to four cycles of freezing-thawing
procedures, where samples were rapidly frozen by immersion in liquid nitrogen for 3
minutes and then thawed at 90°C water bath for 3 minutes. Cell lysates were collected by
centrifugation at 10,000 g for 15 minutes and cellular debris were discarded. Samples were

stored at -20°C or used immediately for Picogreen DNA quantification assay. For each
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condition, 20 ul lysate was transferred into 8 wells in a flat, clear bottom 96-well plate
(Greiner Bio-One). For each well, 80 ul TE buffer (Table 2.2) was added to make up a
total volume of 100 ul. The DNA standard solutions (Life technologies) were prepared at
0, 25, 50, 100, 200, 300, 400, 500 ng/ml and 100 ul was transferred into the 96-well plate
with 3 wells for each concentration. Then, an equivalent volume (100 ul) of Picogreen
(Life technologies), diluted at 1:200 in TE buffer, was added into each well and incubated
for 5 minutes in dark. The fluorescence was measured using a micro-plate reader
(Varioskan™) with the excitation wavelength of 480 nm and the emission wavelength of
520 nm. The DNA content (ng/ml) was determined, based on the DNA standard curve that
showed a linear relationship between the absorption values and DNA concentration (R?~
0.99). The Adipogenic differentiation was expressed by the ODs10 value (oil red O content

from the same well) per ng/ml DNA in each sample.

2.3 Data analysis

All data are presented as mean + standard error of mean (S.E.M.), where appropriately,
with n indicating the number of independent experiments and N indicating the number of
cells or wells of cells from all preparations. Statistical analysis was performed by using
OriginPro 9.1 software, and unpaired Student’s t-test was used for comparisons between
two groups and one-way ANOVA followed by Fisher’s post hoc test was used for

comparisons among multiple groups, with p < 0.05 being indicative of significance.
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CHAPTER 3
Ca?*-dependent downstream signalling mechanisms in ATP-induced

stimulation of hDP-MSC migration

3.1 Introduction

A previous study reported that extracellular ATP enhanced hBM-MSC migration under in
vitro condition and their in vivo homing capability to the bone marrow of immune-
deficient mice (Ferrari et al., 2011). Our recent study provides evidence to support that
ATP-induced activation of the P2X7, P2Y1 and P2Y11l receptors and subsequent
increases in the [Ca?*]; regulate the migration of hDP-MSC (Peng et al., 2016). There is
also evidence to show that Ca?* release from ER and subsequent SOC entry are also
involved in inducing cell migration in rBM-MSCs and hDP-MSCs (Tang et al., 2012;
Peng et al., 2016).

As discussed in section 1.8 and summarized in Figure 1.6 in the Introduction chapter,
previous studies have gathered a large body of evidence to show that activation of PKC,
PYK2 and CaMKII, and the MAPKs as downstream signalling pathways are important in
mediating Ca?* signalling regulation of cell migration. However, the knowledge regarding
the roles of these signalling pathways in the regulation of MSC migration is increasing.
For example, it was shown that inhibition of CaMKII by KN-93 prevented LPA-induced
activation of the LPAR-Gaqn1-IPsR-Ca?* release signalling pathway and stimulation of
hBM-MSC migration (Song et al., 2010). Consistently, another study reported that
inhibition of Ca?*/CaMKII by KN-93 suppressed hBM-MSC migration (Shin et al., 2008).
ACh-induced an increase in the [Ca®]i and subsequent activation of PKC led to
stimulation of rBM-MSC migration (Tang et al., 2012). Recent studies have also shown
that PKC activation is critical in mediating IL-1p (Lin et al., 2015), LPA (Ryu and Han,
2015) and netrin-1 (Lee et al.,, 2014) induced an increase in hUC-MSC migration.
Moreover, PMA-induced activation of PKC resulted in increased cell migration of rBM-
MSCs (Song et al., 2013). There is also evidence to show significant involvement of
MEK/ERK in hUC-MSC migration induced by stromal cell-derived factor-1 (Ryu et al.,
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2010b), netrin-1 (Lee et al., 2014) and IL-1p (Lin et al., 2015) and rBM-MSC migration
stimulated by ACh (Tang et al., 2012). It was also shown that p38 MAPK mediates hUC-
MSC migration induced by stromal cell-derived factor-1 (Ryu et al., 2010b) and
arachidonic acid (Oh et al., 2015), hBM-MSC migration induced by high mobility group
box 1 (Lin et al., 2016) and rBM-MSC migration induced by tumor necrosis factor-o
(TNF-a) (Fu et al., 2009). Moreover, an important role of p38 MAPK signalling pathway
has been reported to mediate shear stress-induced stimulation of hBM-MSC migration
(Yuan et al., 2012; Yuan et al., 2013). As mentioned earlier, our recent study has shown
that ATP-induced Ca?* signalling is critical in stimulating hDP-MSC migration (Peng et
al., 2016). Therefore, the study presented in this chapter aimed to confirm our recent
findings that ATP stimulates hDP-MSC migration and then investigate the role of PKC,
PYK2, CaMKII and MAPKs as Ca?*-dependent downstream signalling mechanisms in

mediating ATP-induced stimulation of hDP-MSC migration.

3.2 Results
3.2.1 Effect of ATP on cell migration

Our recent study has demonstrated, using the wound healing assay, that exposure to ATP
promotes hDP-MSC migration (Peng et al., 2016). The present study confirmed and
extended this finding using trans-well migration and wound healing assays to analyze the
effect of ATP on hDP-MSCs. In trans-well migration assay, exposure to 30 uM ATP
induced an increase in cell migration in hDP-MSCs from 9F (Figure 3.1A and B). Similar
results were obtained in cells from 20M (Figure 3.1C) and 22M (Figure 3.1D). Figure
3.1E summarizes the mean data from 9 independent experiments using all three donors,
showing a statistically significant increase in cell migration in the presence of ATP. In the
wound healing assay, cell migration was faster after exposure of hDP-MSCs from 9F to
30 uM ATP for 24, 48 and 72 hours (Figure 3.2A and B). Similar results were observed
in cells from 22M (Figure 3.2C). Figure 3.2D summarizes the mean data from 10
independent experiments, as percentage of that under control conditions at the same time
points in parallel experiments (Figure 3.2D). These results from both assays provide
consistent evidence to support that ATP significantly stimulates cell migration in hDP-

MSCs as reported from our recent study (Peng et al., 2016).
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3.2.2 Effect of PPADS on ATP-induced cell migration

Our recent study shows that prior treatment with 30 WM PPADS resulted in inhibition of
ATP-induced stimulation of migration of hDP-MSCs (Peng et al., 2016). Such results have
been confirmed in the present study, using trans-well migration (Figure 3.3) and wound
healing assay (Figure 3.4). Similar results were obtained in trans-well assay using cells
from 9F (Figure 3.3A and B) and 22M (Figure 3.3C) and analysis of the mean data from
3 independent experiments shows that treatment with 30 uM PPADS completely
prevented ATP-induced increase in cell migration (Figure 3.3D). Likewise, wound healing
assay showed that pretreatment of hDP-MSCs from 22M with 30 uM PPADS abolished
ATP-induced stimulation cell migration (Figure 3.4). However, parallel experiments using
hDP-MSCs from 9F and 22M revealed that treatment with 30 uM PPADS in the absence
of ATP was without significant effect on cell migration (Figure 3.5). Similarly, there was
no effect of treatment with PPADS alone in wound healing assay using hDP-MSCs from
22M (Figure 3.6). These results provide clear evidence to support that ATP enhances cell
migration in hDP-MSCs via the P2 receptor, consistent with our recent study (Peng et al.,
2016).

3.2.3 Effects of BZATP and NF546 on cell migration

Experiments were performed to examine the effect of exposure to BzZATP and NF546 on
hDP-MSC migration using the trans-well assay. As introduced above (sections 1.2.2 and
1.2.3), BZATP is more potent than ATP at the P2X7 receptor and can also act as an agonist
atthe P2Y1 and P2Y11 receptors, and NF546 is a selective agonist for the P2Y11 receptor.
Figure 3.7A shows that exposure to 30 M BzATP increased cell migration of hDP-MSCs
from 9F (Figure 3.7A and B) and from 22M (Figure 3.7C). The mean data from 4
independent experiments using these two donors is shown in Figure 3.7D. Figure 3.8A
and B show that exposure to 10 uM NF546 resulted in increased cell migration of hDP-
MSCs from 22M. Similar results were obtained in cells from 9F (Figure 3.8C). The mean
data from 3 independent experiments using the two donors shown is shown in Figure 3.8D.
Taken together, these results show exposure to BzATP or NF546 significantly stimulates

cell migration, providing further evidence to support the conclusion that the P2X7, P2Y1
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and P2Y 11 receptors participate is mediated in ATP-induced increase in cell migration in
hDP-MSCs (Peng et al., 2016).
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Figure 3.1 ATP increases hDP-MSC migration in trans-well migration assay.

(A) Representative images of trans-well migration assay showing migration of cells from
9F after being stained with Hoechst 33342 in the absence of (CTL) and presence of 30
MM ATP in the culture medium. (B-D) Quantitative analysis of the number of migrated
cells in 5 random fields from the following donors: 9F (N = 2 wells) (B), 20M (N = 2
wells) (C), 22M (N = 2 wells) (D) in 1 set of experiment. (E) Summary of the cell
migration rate by expressing the migrated cell number as percentage of that under control
conditions from 9 independent experiments using cells from 9F, 20M and 22M. ***, p <
0.001 compared to control cells.
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Figure 3.2 ATP increases hDP-MSC migration in wound healing assay.

(A) Representative images of wound healing assay showing the wound areas at 0, 24, 48
and 72 hours, using cells from donor 9F in the absence of (CTL) and presence of 30 uM
ATP in the culture medium. (B, C) Quantitative analysis of wound area healing using cells
from 9F (N = 2 wells) (B) and 22M (N = 2 wells) (C) in 1 set of experiment. (D) Summary
of the mean data with wound healing presented as percentage of that under control
conditions at the same time points in parallel experiments, from 10 independent
experiments using cells from 9F and 22M. *** p < 0.001 compared to control cells.
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Figure 3.3 Inhibition of ATP-induced hDP-MSC migration by PPADS in trans-well
migration assay.

(A) Representative images of trans-well migration assay showing migration of cells from
9F after being stained with Hoechst 33342 in the absence of (CTL) and presence of 30
MM ATP in the culture medium, without or with treatment with 30 uM PPADS before and
during exposure to ATP. (B-C) Quantitative analysis of the number of migrated cells in 5
random fields from 9F (N =2 wells) (B) and 22M (N = 2 wells) (C) in 1 set of experiment.
(D) Summary of the cell migration rate by expressing the migrated cell number as
percentage of that under control conditions from 3 independent experiments using cells
from 9F and 22M. *, p < 0.05 compared to control cells. #, p < 0.05 compared to cells
treated with ATP alone.
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Figure 3.4 Inhibition of ATP-induced hDP-MSC migration by PPADS in wound
healing assay.

(A) Representative images of wound healing assay showing wound areas at 0, 24, 48 and
72 hours, using cells from 22M in the absence of (CTL) and presence of 30 uM ATP in
the culture medium without or with treatment with 30 uM PPADS before and during
exposure to ATP. (B) Quantitative analysis of wound area healing from 2 wells in 1 set of
experiment using cells from 22M.

71



A CTL +30 uM PPADS

100 pm

B C D

100079 2 430720Mm ~14019F/22M
3 3 400 = 120-

° 800 1 O

= = 350 ) NS
2 £ 3001 <1007
& 0001 = Es5] 2 80

< 400 520 g o0

g 3 = 404

2 200 = 1007 &l

'z Z.

0- 0

0 30 0 30 0 30
PPADS (uM)  PPADS (uM)  PPADS (uM)

Figure 3.5 No effect of PPADS on hDP-MSC migration in trans-well migration assay.
(A) Representative images of trans-well migration assay showing migration of cells from
9F stained with Hoechst 33342 in the absence of (CTL) and presence of 30 uM PPADS
in the culture medium. (B, C) Quantitative analysis of the number of migrated cells in 5
random fields from 9F (N =2 wells) (B) and 22M (N = 2 wells) (C) in 1 set of experiments.
(D) Summary of the cell migration rate by expressing the migrated cell number as
percentage of that under control conditions from 3 independent experiments using cells
from 9F and 22M. NS, no significant difference.
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Figure 3.6 No effect of PPADS on hDP-MSC migration in wound healing assay.

(A) Representative images of wound healing assay showing wound areas at 0, 24, 48 and
72 hours, using cells from 22M in the absence of (CTL) and presence of 30 uM PPADS
in the culture medium. (B) Quantitative analysis of wound area healing from 2 wells in 1
set of experiment using hDP-MSCs from 22M.
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Figure 3.7 BZATP stimulates hDP-MSC migration in trans-well migration assay.
(A) Representative images of trans-well migration assay showing migration of cells from
9F stained with Hoechst 33342 in the absence of (CTL) and presence of 30 uM BzATP in
the culture medium. (B, C) Quantitative analysis of the number of migrated cells in 5
random fields from 9F (N =2 wells) (B) and 22M (N = 2 wells) (C) in 1 set of experiment.
(D) Summary of the cell migration rate by expressing the migrated cell number as
percentage of that under control conditions from 4 independent experiments using cells
from 9F and 22M. *, p < 0.05 compared to control cells.
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Figure 3.8 NF546 stimulates hDP-MSC migration in trans-well migration assay.

(A) Representative images of trans-well migration assay showing migration of cells from
22M stained with Hoechst 33342 in the absence of (CTL) and presence of 10 UM NF546
in the culture medium. (B, C) Quantitative analysis of the number of migrated cells in 5
random fields from 22M (N = 2 wells) (B) and 9F (N =2 wells) (C) in 1 set of experiment.
(D) Summary of the cell migration rate by expressing the migrated cell number as
percentage of that under control conditions from 3 independent experiments using cells
from 22M and 9F. *, p < 0.05 compared to control cells.
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3.2.4 Effect of CaMKI I inhibitor KN-93 on ATP-induced cell migration

Next, I investigated the role of CaMKII in mediating ATP-induced hDP-MSC migration
by examining the effect of treatment with KN-93, a CaMKI|I inhibitor, on ATP-induced
cell migration. Treatment with 0.3 M KN-93, prior to and during exposure to 30 uM
ATP, reduced ATP-induced cell migration in hDP-MSCs from 9F assessed using the
wound healing assay at 24, 48 and 72 hours (Figure 3.9A-B). Similar results were obtained
in cells from 22M (Figure 3.9C). Figure 3.9D summarizes the mean results from 6
independent experiments in hDP-MSCs from these two donors and shows that KN-93
strongly reduced ATP-induced cell migration. Treatment with KN-93 alone in the absence
of ATP showed no inhibition of cell migration in cells from 22M (Figure 3.9E) and 32F.
Collectively, these results suggest an important role for CaMKII in ATP-induced
stimulation of hDP-MSC migration.

3.2.5 Effect of PKC inhibitor chelerythrine chloride in ATP-induced cell migration

To determine whether PKC is a downstream signalling molecule in ATP-induced cell
migration in hDP-MSCs, | tested the effect of chelerythrine chloride (CTC), a PKC
inhibitor, on ATP-induced hDP-MSC migration. As shown in Figure 3.10A, treatment
with 1 uM CTC, prior to and during exposure to 30 UM ATP, suppressed ATP-induced
increase in cell migration (Figure 3.10A and B) at 24, 48 and 72 hours. Figure 3.10C
summarizes the mean results from 4 independent experiments in hDP-MSCs from 9F, and
shows that treatment with CTC largely abolished ATP-induced an increase in cell
migration. Treatment with 1 uM CTC alone showed no inhibition on cell migration in
cells from 32F (Figure 3.10D). These results, therefore, provide evidence to suggest a
critical engagement of PKC in ATP-induced stimulation of hDP-MSC migration.

3.2.6 Effect of PYK?2 inhibitor PF431396 on ATP-induced cell migration

| also examined the role of PYK2 in mediating ATP-induced increase in hDP-MSC
migration by performing wound healing assay of hDP-MSCs from 9F treated with 10 nM
PF431396, a PYKZ2 inhibitor, prior to and during exposure to 30 uM ATP (Figure 3.11A

and B). Figure 3.11C summarizes the mean results from 4 independent experiments in

76



hDP-MSCs from 9F and shows that PF431396 prevented ATP-induced increase in cell
migration at 24, 48 and 72 hours. Treatment with 10 nM PF431396 alone showed no effect
on cell migration in cells from 32F (Figure 3.11D). These results suggest that PYK2 can
act as a Ca®*-dependent signalling mechanism in ATP-induced stimulation of hDP-MSC

migration.

3.2.7 Effect of MEK/ERK inhibitor U0126 in ATP-induced cell migration

The MEK/ERK signalling pathway was suggested to mediate endogenously released
ATP-induced P2Y-mediated increase in the wound healing of in vivo ischemic model
(Weihs et al., 2014). In this set of experiments, | examined the role of MEK/ERK
signalling pathway in ATP-induced increase in hDP-MSC migration by determining the
effect of treatment with U0126, an inhibitor of MEK that phosphorylates and thereby
activate ERK (Hotokezaka et al., 2002). Treatment with 1 uM U0126, prior to and during
exposure to 30 UM ATP, suppressed ATP-induced migration of hDP-MSCs from 9F at
24, 48 and 72 hours (Figure 3.12A and B). Figure 3.12C summarizes the mean results
from 6 independent experiments in hDP-MSCs from 9F and shows that treatment with
U0126 significantly reduced ATP-induced increase in cell migration. Treatment with 1
UM U0126 alone tested in cells from 32F was without effect on cell migration (Figure
3.12D). These results, therefore, provide evidence to suggest that the MEK/ERK
signalling pathway plays an important role in ATP -induced increase in hDP-MSC

migration.

3.2.8 Effect of p38 kinase inhibitor SB202190 on ATP-induced cell migration

Studies have reported that the p38 kinase MAPK signalling pathway plays a role in
regulating cell functions of MSCs, including cell migration (Yuan et al., 2012; Yuan et
al., 2013; Lin et al., 2016). Accordingly, it was interesting to examine whether the p38
signalling pathway was involved in ATP-induced stimulation of hDP-MSC migration.
SB202190 is a selective and potent inhibitor of p38 kinase and treatment with 1 puM
SB202190, prior to and during exposure to ATP, resulted in strong inhibition of hDP-
MSC migration at 24, 48 and 72 hours (Figure 3.13A and B). Analysis of the mean results
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from 3 independent experiments using hDP-MSCs from 9F shows inhibition by treatment
with SB202190 at 24 and 48 hours reached a significant level (Figure 3.13C). Treatment
with 1 uM SB303190 in the absence of ATP showed no inhibition on cell migration in
cells from 32F (Figure 3.13D). These findings suggest that the p38 kinase signalling

pathway can be involved in ATP-induced stimulation of hDP-MSC migration.
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Figure 3.9 Inhibition of ATP-induced hDP-MSC migration by KN-93.

(A) Representative images showing wound areas at 24, 48 and 72 hours, using cells from 9F in the absence (CTL) and presence of 30 uM
ATP without or with prior treatment with 0.3 uM KN-93. (B, C) Quantitative analysis of wound healing in cells from 9F (N = 2 wells) (B)
and 22M (N =2 wells) (C) in 1 set of experiment. (D) Summary of the mean wound healing, as percentage of that under control conditions
at the same time points in parallel experiments, from 6 independent experiments using cells from 9F and 22M. (E) Quantitative analysis of
wound healing from 2 wells in 1 set of experiment using cells from 22M in the absence of and presence of 0.3 uM KN-93 alone. *, p <
0.05; **, p < 0.01 compared to control cells. #, p < 0.05 compared to cells treated with ATP alone.
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Figure 3.10 Inhibition of ATP-induced hDP-MSC migration by CTC.

(A) Representative images showing wound areas at 0, 24, 48 and 72 hours, using cells from 9F in the absence (CTL) and presence of 30
MM ATP without or with prior treatment with 1 uM chelerythrine chloride (CTC). (B) Quantitative analysis of wound area healing using
cells from 9F (N =2 wells) in 1 set of experiment. (C) Summary of the mean wound healing, as percentage of that under control conditions
at the same time points in parallel experiments, from 4 independent experiments using cells from 9F. (D) Quantitative analysis of wound
area healing from 2 wells in 1 set of experiment using cells from 32F in the absence and presence of 1 uM CTC alone. *, p < 0.05; **, p <
0.01 compared to control cells. #, p < 0.05 compared to cells treated with ATP alone.
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Figure 3.11 Inhibition of ATP-induced hDP-MSC migration by PF431396.

(A) Representative images showing wound areas at 0, 24, 48 and 72 hours, using cells from 9F in the absence (CTL) and presence of 30
MM ATP without or with prior treatment with 10 nM PF431396. (B) Quantitative analysis of wound area healing using cells from 9F (N =
2 wells) in 1 set of experiment. (C) Summary of the mean wound healing, as percentage of that under control conditions at the same time
points in parallel experiments, from 4 independent experiments using cells from 9F. (D) Quantitative analysis of wound area healing from
2 wells in 1 set of experiment using hDP-MSCs from 32F in the absence and presence of 10 nM PF431396 alone in basal media. *, p <
0.05; **, p < 0.01 compared to control cells. #, p < 0.05; ##, p < 0.01 compared to cells treated with ATP alone.
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Figure 3.12 Inhibition of ATP-induced hDP-MSC migration by U0126.

(A) Representative images showing wound areas at 24, 48 and 72 hours, using cells from 9F in the absence (CTL) and presence of 30 uM
ATP without or with prior treatment with 1 uM U0126. (B) Quantitative analysis of wound area healing using cells from 9F (N = 2 wells)
in 1 set of experiment. (C) Summary of the mean wound healing, as % of that under control conditions at the same time points in parallel
experiments, from 6 independent experiments using cells from 9F. (D) Quantitative analysis of wound area healing from 2 wells in 1 set
of experiment using cells from 32F in the absence and presence 1 uM U0126 alone in the culture medium. **, p < 0.01 compared to the
control without ATP. **, p < 0.01 compared to control cells. #, p < 0.05; ##, p < 0.01 compared to cells treated with ATP alone.
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Figure 3.13 Inhibition of ATP-induced hDP-MSC migration by SB202190

(A) Representative images showing wound areas at 24, 48 and 72 hours, using cells from 9F in the absence (CTL) and presence of 30 uM
ATP without or with prior treatment with 1 uM SB202190. (B) Quantitative analysis of wound area healing using hDP-MSCs from 9F (N
=2 wells) in 1 set of experiment. (C) Summary of the mean wound healing, as percentage of that under control conditions at the same time
points in parallel experiments, from 3 independent experiments using hDP-MSCs from 9F. (D) Quantitative analysis of wound area healing
from 2 wells in 1 set of experiment using hDP-MSCs from 32F in the absence and presence 1 UM SB202190 alone in the basal medium.
*, p <0.05; **, p <0.01; compared to the control without ATP. #, p < 0.05; ##, p < 0.01 compared to ATP alone.
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3.3 Discussion

The study presented in this chapter provides further evidence to support our recent
findings that ATP stimulates cell migration in hDP-MSCs and the P2X7, P2Y1 and P2Y11
receptors are involved in mediating such ATP-induced effect on cell migration (Peng et
al., 2016). Moreover, the study suggests that CaMKII, PYK2 and PKC and downstream
MEK/ERK and p38 MAPK signalling pathways are engaged in mediating ATP-induced
stimulation of cell migration in hDP-MSCs.

Our recent study demonstrates that ATP induces strong Ca®* responses and the P2X7,
P2Y1 and P2Y11 receptors are expressed in hDP-MSCs and mediate ATP-induced Ca?*
signalling, using FLEX-Station measurement, and further show that exposure to ATP
stimulates cell migration and the P2X7, P2Y1 and P2Y11 receptors participate in
mediating ATP-induced effect on cell migration, using wound healing assay (Peng et al.,
2016). The present study showed that ATP stimulated hDP-MSC migration, using trans-
well assay (Figure 3.1) as well as using wound healing assay (Figure 3.2). Furthermore,
the present study using both cell migration assays demonstrated that treatment with
PPADS prevented ATP-induced increase in cell migration (Figure 3.3 and Figure 3.4)
without effect on cell migration in the absence of ATP (Figure 3.5 and Figure 3.6),
indicating a critical role of the P2 receptors in mediating ATP-induced increase in cell
migration. Our recent study has concluded that ATP stimulates hDP-MSC migration via
activating the P2X7, P2Y1 and P2Y11 receptors (Peng et al., 2016). This conclusion is
consistent with the observation in the present study that BzATP, which is known to
activate the P2X7, P2Y1 and P2Y11 receptors (Communi et al., 1999; Burnstock, 2007;
Ilatovskaya et al., 2013; Jacobson et al., 2015; von Kiigelgen and Hoffmann, 2016), was
effective in stimulating hDP-MSC migration (Figure 3.7). The present study further
demonstrated activation of the P2Y11 receptor with NF546 stimulated hDP-MSC
migration (Figure 3.8). Taken together, the present study provides further evidence to
support a significant role of the P2X7, P2Y1 and P2Y11 receptors in ATP-induced
stimulation of hDP-MSC migration (Peng et al., 2016).
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Ca?" signalling is considered to be important in hBM-MSC migration (Ding et al., 2012).
As shown in our recent study (Peng et al., 2016), ATP-induced activation of the P2X7,
P2Y1 and P2Y11 receptors give rise to a strong increase in the [Ca?*]i. As discussed in
section 1.8, it is known that Ca?*-sensitive signalling molecules are critical in mediating
Ca?* signalling regulation of cell migration (Shin et al., 2008; Schwab et al., 2012; Tang
etal., 2012; Song et al., 2013; Lin et al., 2015). One major finding of the present study is
that CaMKII, PKC and PYK2 are important in ATP-induced stimulation of hDP-MSC
migration. As introduced above, CaMKII is a kinase activated by Ca?* and CaM, and is
known to play a role in regulating cell migration (Shin et al., 2008; Song et al., 2010;
Umemura et al., 2014; Chi et al., 2016). The present study showed that treatment with
KN-93 strongly inhibited hDP-MSC migration in the presence of ATP (Figure 3.9A-D),
without a significant effect on cell migration in the absence of ATP (Figure 3.9E). These
results suggest that CaMKII has a critical role in mediating ATP-induced stimulation of
hDP-MSC migration. PKC and PYK2 are Ca?*-sensitive. Recent studies have reported
that inhibition of Ca?*-induced activation of PKC reduced ACh-induced rBM-MSC
migration (Tang et al., 2012), IL-1pB- (Lin et al., 2015) and LPA-induced hUC-MSC
migration (Ryu and Han, 2015). Similarly, the present study found that inhibition of PKC
with CTC prevented ATP-induced stimulation of hDP-MSC migration (Figure 3.10A-C)
without significant effect on cell migration in the absence of ATP (Figure 3.10D). The
present and previous studies thus provide consistent evidence to support that activation of
PKC is important in mediating stimulation of MSC migration induced by various stimuli.
The role of PYK2 in the regulation of MSC migration is unknown. Treatment with
PF431396 largely prevented ATP-induced increase in hDP-MSC migration (Figure
3.11A-C) without effect on cell migration in the absence of ATP (Figure 3.11D). These
results are consistent with previous studies showing that genetic or pharmacological
intervention of PYK2 activation reduced migration of epithelial cells (Block et al., 2010)
and breast cancer cells (Fan and Guan, 2011). Taken together, the present study provides
evidence to suggest a critical role of CaMKII, PKC and PYK2 in mediating ATP-induced
stimulation of hDP-MSC migration. Of notice, treatment with each individual kinase
inhibitor resulted in strong or complete loss of ATP-induced stimulation, raising the

possibility that these signalling molecules, instead of working independently of each other,
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are more likely to act in concert or cross-talk to each other in mediating ATP-induced

stimulation of hDP-MSC migration.

The MAPK signalling pathways are crucial in transducing extracellular signals to cell
functions, including cell migration. MEK/ERK has been well documented to act as a
signalling pathway downstream of Ca?*-stimulated activation of CaMKII (Umemura et
al., 2014), PKC (Farshori et al., 2003; Hodges et al., 2006; Tang et al., 2012; Lin et al.,
2015) and PYK2 (Lev et al., 1995; Wu et al., 2002; Farshori et al., 2003; Hodges et al.,
2006; Louis and Zahradka, 2010; Chen et al., 2011). The present study showed that
inhibition of MEK/ERK with U0126 strongly suppressed ATP-induced hDP-MSC
migration (Figure 3.12A-C) without effect on cell migration in the absence of ATP (Figure
3.12D), suggesting a critical role for the MEK/ERK signalling pathway. This finding is
consistent with previous studies showing a positive role of MEK/ERK in mediating hUC-
MSC migration stimulated by stromal cell-derived factor-1 (Ryu et al., 2010b), netrin-1
(Lee etal., 2014) and IL-1B (Lin et al., 2015) and also ACh-induced rBM-MSC migration
(Tang et al., 2012). However, an early study reported that inhibition of the ERK signalling
pathway had no significant effect on TNF-a-induced rBM-MSC migration (Fu et al.,
2009). It has also been reported that p38 kinase signalling pathway has a positive role in
regulating MSC migration (Fu et al., 2009; Ryu et al., 2010b; Yuan et al., 2012; Yuan et
al., 2013; Oh et al., 2015; Lin et al., 2016). The present study showed that blockage of p38
kinase with SB202190 strongly inhibited ATP-induced increase in hDP-MSC migration
(Figure 3.13A-C) without effect on cell migration in the absence of ATP (Figure 3.13D).
These results suggest that the p38 kinase plays a significant role in ATP-induced
stimulation of hDP-MSC migration. PMA-induced PKC activation was reported to induce
the p38 kinase signalling pathway during cell migration (Nomura et al., 2007; Wu et al.,
2019). As discussed above (section 1.8), MEK/ERK and p38 kinase are important
signalling pathways downstream of PKC, PYK2 or CaMKII. Therefore, it is highly likely
that MEK/ERK and p38 kinase as signalling pathways downstream of PKC, PYK2 and/or
CaMKII mediate ATP-induced stimulation of hDP-MSC migration, although further

investigations are required to provide the supporting evidence.
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In summary, the results presented in this chapter provide further evidence to support that
extracellular ATP stimulates hDP-MSC migration via Ca®" signalling mechanisms
mediated by the P2X7, P2Y1 and P2Y 11 receptors. Furthermore, as illustrated in Figure
3.14, the results provide evidence to suggest a critical role for CaMKII, PKC, PYK2 and
MEK/ERK and p38 MAPK signalling pathways as downstream Ca?*-dependent signalling

mechanisms in ATP-induced stimulation of cell migration in hDP-MSCs.
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Figure 3.14 Proposed Ca?* signalling mechanisms that mediate ATP-induced
increase in hDP-MSC migration.

Exposure of hDP-MSCs to extracellular ATP activates ATP-sensitive P2 receptors (P2X7,
P2Y1, P2Y2and P2Y11), resulting in an increase in the concentration of intracellular Ca?*
([Ca*Ti). Such Ca?* signalling induces activation of protein kinase C (PKC), protein
tyrosine kinase 2 (PYK2) that can also be activated by PKC, and Ca?*/calmodulin-
dependent protein kinase Il (CaMKII), and further mitogen-activated protein kinase
kinase/extracellular signal-regulated kinase (MEK/ERK) and p38 kinase as downstream
signalling pathways. Activation of such Ca®*-dependent signalling mechanisms drives
ATP-induced stimulation of cell migration. The inhibitors used to target various signalling
molecules used in the present study are highlighted in red.
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CHAPTER 4
Expression of Piezol channel in hDP-MSCs and its role in regulating

cell migration via ATP release and P2 purinergic signalling

4.1 Introduction

The results from our recent study (Peng et al, 2016) and the results described in chapter 3
provide evidence to show that extracellular ATP promotes cell migration through the
P2X7, P2Y1 and P2Y11 purinergic receptors in hDP-MSCs. The results presented in
chapter 3 also suggest that Ca?*-dependent downstream signalling pathways mediated by
CaMKII, PKC, PYK2 and downstream MEK/ERK and p38 kinase pathways are engaged
in transducing ATP-induced regulation of cell migration. As discussed in the Introduction
chapter (section 1.3), there is increasing evidence that MSCs release ATP in response to
mechanical stimulation (Riddle et al., 2007; Sun et al., 2013; Weihs et al., 2014). For
example, exposure to shockwaves can promote hBM-MSC osteogenesis (Sun et al., 2013),
and proliferation of hBM-MSCs and AT-MSCs (Riddle et al., 2007; Weihs et al., 2014).
Such mechanical regulation of hMSC functions is mediated via ATP release and
subsequent activation of P2 receptor-mediated Ca?* signalling mechanisms (Riddle et al.,
2007; Sun et al., 2013; Weihs et al., 2014). However, the molecular mechanisms for ATP
release from MSC are not well elucidated (Jiang et al., 2017a). Interestingly, recent studies
examining urothelial cells (Miyamoto et al., 2014), red blood cells (Cinar et al., 2016) and
endothelial cells (Wang et al., 2016; Albarran-Juarez et al., 2018) provide compelling
evidence to indicate that the Piezol channel can transduce various mechanical stimuli into
intracellular Ca?* signals via regulating ATP release and P2 receptor-mediated purinergic
Ca?* signalling.

As discussed in the Introduction chapter (section 1.1.3), Piezol functions as a newly
identified mechanosensitive or mechanically activated Ca?*-permeable channel and upon
activation mediates Ca?" influx to increase the [Ca?*]i (Coste et al., 2010; Miyamoto et al.,
2014; Syeda et al., 2015; Hung et al., 2016). There is increasing evidence to support a role
for the Piezol channel in regulating cell migration (McHugh et al., 2012; Li et al., 2014;
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Hung et al., 2016; Zhang et al., 2017). The Piezol channel is expressed in MSCs. One
recent study has recently proposed that activation of the Piezol channel stimulates cell
proliferation in rDP-MSCs via the ERK signalling pathway (Gao et al., 2017). The same
study, however, suggests that LIPUS-induced activation of the Piezol channel promotes
rPDLSC proliferation via the p38 signalling pathway (Gao et al., 2017). Another recent
study examining MSC-like cells, UE7T-13 and SDP11, has demonstrated that activation
of the Piezol channel by HP loading or Yodal enhances osteogenesis and conversely
suppresses adipogenesis via the ERK and p38 kinase signalling pathways (Sugimoto et
al., 2017). These results suggest that the Piezol channel in MSCs plays an important role
in regulating cell proliferation, osteogenesis and adipogenesis through inducing the

MAPK signalling pathways.

However, the role of the Piezol channel in MSC migration remains unclear. Therefore,
the aims of the study described in this chapter were to examine the expression of the
Piezol channel in hDP-MSC and, furthermore, to test the hypothesis that activation of the
Piezol channel stimulates hDP-MSC migration and such stimulation occurs via inducing
ATP release and subsequent activation of the P2 receptors and downstream Ca?*-

dependent signalling pathways.

4.2 Results
4.2.1 Piezol expression in hDP-MSCs

The Piezol mRNA expression in hDP-MSCs was examined using real-time RT-PCR. As
shown in Figure 4.1A, the mRNA transcript for Piezol was consistently detected in hDP-
MSCs from four donors examined (9F, 20M, 22M and 32F) (Figure 4.1A). The mean
mRNA expression levels for Piezol relative to that of B-actin in hDP-MSCs from each
donor are shown in Figure 4.1B. There are some variations in the mMRNA expression level
among the four donors, which seem unrelated to the age or gender of the donors (Figure
4.1B). Next, immunostaining was used to examine the Piezol protein expression in hDP-
MSCs. Consistently with the detectable mRNA expression, there was positive

immunoreactivity for Piezol in hDP-MSCs from all the donors that were labelled with an
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anti-Piezol primary antibody, whereas such immunostaining was not observed in cells

only labeled with the secondary antibody (Figure 4.1C).

4.2.2 Ca?* responses to Yodal

As introduced above, the Piezol Ca®*-permeable channel can be chemically activated
using Yodal and its activation can lead to an increase the [Ca®']i. Therefore, to
demonstrate the functional expression and properties of the Piezol channel in hDP-MSCs,
| performed Fura 2-based ratiometric measurements of the change in the [Ca®*]i in
response to exposure to Yodal at different concentrations. Yodal at 0.1, 0.3, 1, 3 and 10
UM in extracellular Ca?*-containing solution induced a concentration-dependent increase
in the [Ca2*]i in hDP-MSC from each of the four donors (Figure 4.1D). Yodal at 3 uM
was used in further experiments. In contrast with the robust increases in the [Ca?*]i in
extracellular Ca?*-containing solution, exposure to 3 UM Yodal evoked no noticeable
Ca?" response in extracellular Ca?*-free solution in hDP-MSCs from any of the four donors
(Figure 4.2), clearly indicating that Yodal-induced increase in the [Ca?*]i results from
extracellular Ca?* influx. Taken together, these results provide molecular, biochemical and
functional evidence that consistently show expression of Piezol as a Ca?*-permeable

channel on the cell surface in hDP-MSCs.
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Figure 4.1 Expression of Piezol in hDP-MSCs.

(A) Representative agarose gel images showing real-time RT-PCR products of Piezol and -actin mMRNA expression in 9F, 20M, 22M and
32F. The double lines on the left of each gel indicate 1.0 kb and 0.5 kb DNA markers. The hollow and solid arrowheads on the right indicate
B-actin and Piezol PCR products, respectively. (B) The mean Piezo1/B-actin ratio from independent mRNA preparations from 3 wells from
9F, and 2 wells from each of 20M, 22M, and 32F. (C) Representative microscopic images showing immunofluorescence in cells from each
of the 4 donors labelled with the anti-Piezol antibody (Piezol, top) or only with the second antibody (CTL, bottom) and counterstained
with Hoechst 33342. (D) Representative intracellular Ca?* responses to different concentrations of Yodal (left) and the peak Ca?* responses
(right) in cells from each of the 4 donors, presented as mean + sem values of 4 wells from 1 set of experiments.
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Figure 4. 2 Yodal induces Ca?* responses via extracellular Ca?* influx in hDP-MSC:s.
(A-D) Representative Yodal-induced intracellular Ca?* peak responses in extracellular Ca?*-containing (+Ca®") or Ca®*'-free (-Ca?")
solutions in parallel experiments (left) and the mean peak Ca?* responses (right) in cells from 9F (N = 4 wells) (A), 20M (N = 4 wells) (B),
22M (N = 4 wells) (C) and 32F (N = 4 wells) (D), presented with mean £ sem value from one set of experiment using four wells of cells
for each condition. (E) Summary of the mean peak Ca?* responses in Ca?*-containing (+Ca?*) and Ca?*-free (-Ca?*) solutions from four
independent experiments from all the donors. The peak Ca?* response was expressed as percentage of the peak Ca?" responses in
extracellular Ca*-containing in parallel experiments. ** p < 0.01 and ***, p < 0.001.
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4.2.3 Effects of inhibiting Piezol channel in Yodal-induced Ca?* responses

There is evidence suggests that Yodal may act on other unknown targets than the Piezol
channel (Dela Paz and Frangos, 2018). To provide evidence to show that Yodal-induced
Ca?" influx in hDP-MSCs was mediated by the Piezol channel, | examined the effect of
RR, which is known to suppress the Piezol channel activity (Coste et al., 2010), on Yodal-
induced Ca®* responses. Consistently, in hDP-MSCs from three donors examined (9F,
20M and 32F), treatment of hDP-MSCs with RR at 10 and 30 pM for 5 minutes had no or
little effect on the basal Ca?* level but significantly attenuated Yodal-induced increase in
the [Ca?"]; (Figure 4.3).

| also tested the effect of GsSMTx4, a spider peptide known to inhibit the Piezol channel
with better specificity (Bae et al., 2011), on Yodal-induced Ca?* responses. Pre-treatment
with GsMTx4 at 0.3, 1 and 3 uM for 30 minutes resulted in a concentration-dependent
reduction in Yodal-induced increase in the [Ca?']; in hDP-MSCs from the two donors
examined (9F and 20M) (Figure 4.4).

Finally, I examined the effect of SiIRNA-mediated knockdown of the Piezol expression
on Yodal-induced Ca?* responses. Transfection of hDP-MSCs from 9F, 20M and 32F
with Piezol-specific siRNA (siPiezol) reduced the Piezol mRNA expression as
determined by real-time RT-PCR (Figure 4.5A-C). On average, transfection with siPiezol
reduced the Piezol mRNA expression by approximately 60% (Figure 4.5D). Such siRNA-
mediated knockdown of the Piezol expression strongly suppressed Yodal-induced
increase in the [Ca?*]i (Figure 4.6A-C). The mean peak Yodal-induced Ca?* responses in
hDP-MSCs from 9F, 20M and 32F transfected with siPiezol was reduced by
approximately 40% as compared to that in cells transfected with siCTL (Figure 4.6D).

In summary, the results from pharmacological and genetic interventions provide further
and consistent evidence to support the notion that Yodal acts on and activates the Piezol
Ca?*-permeable channel in hDP-MSCs.
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Figure 4. 3 Inhibition of Yodal-induced Ca?* responses in hDP-MSCs by ruthenium red.
(A-C) Representative Yodal-induced intracellular Ca?* responses (left) and peak Ca®* responses (right) in cells from 9F (N = 4 wells) (A), 20M(N =
4 wells) (B) and 32F (N = 4 wells) (C) without (CTL) and with treatment with 10 or 30 uM ruthenium red (RR) for 5 min before and duration exposure
to 3 uM Yodal, presented as mean + sem values from one set of experiments using four wells of cells for each condition. (D) Summary of the mean
Yodal-induced peak Ca?* responses in cells treated with RR, from three independent experiments from 9F, 20M and 32F, with the peak Ca?* responses
expressed as percentage of that in cells under control conditions in parallel experiments. **, p < 0.01 and ***, p < 0.001, compared to control cells.
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Figure 4. 4 Inhibition of Yodal-induced Ca?* responses in hDP-MSCs by GsMTx4.
(A-B) Representative intracellular Ca2* responses to 3 uM Yodal in cells without (CTL)
and with treatment with indicated concentrations of GsMTx4 for 30 min prior to and
during exposure to Yodal (left), and Yodal-induced peak Ca?* responses (right) in cells
from 9F (N = 4 wells) (A) and 20M (N = 4 wells) (B) presented as mean + sem values
from one set of experiments using four wells of cells for each condition. (C) Summary of
the mean Yodal-induced peak Ca?* responses in cells treated with GsMTx4, from 4
independent experiments from 9F and 20M, with the peak Ca?* responses expressed as
percentage of that in cells under control conditions in parallel experiments. **, p < 0.01
and *** p < 0.001 compared to control cells.
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Figure 4. 5 siRNA-mediated knockdown of Piezol expression in hDP-MSCs.

(A-C) Summary of the Piezo1/B-actin mRNA ratio detected by real-time RT-PCR in 1 set
of experiment using cells from 9F (N = 2 wells) (A), 20M (N = 2 wells) (B) and 32F (N =
2 wells) (C) transfected with control sSiRNA (siCTL) or Piezol-specific SIRNA (siPiezol)
in parallel experiments. (D) Summary of the mean Piezol/B-actin mRNA ratio in cells
transfected with siCTL or siPiezol from three independent experiments from 9F, 20M and
32F. The Piezol/B-actin ratio expressed as percentage of that in siCTL-transfected cells
in parallel experiments. *, p < 0.05.
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Figure 4. 6 Effect of siRNA-mediated knockdown of Piezol on Yodal-induced Ca?* responses in hDP-MSC:s.

(A-C) Representative intracellular Ca?* responses to 3 uM Yodal (left) and the mean peak Ca?* responses (right) in cells from 9F (N = 4
wells) (A), 20M (N = 4 wells) (B) and 32F (N = 4 wells) (C) transfected with siCTL or siPiezol, from 1 set of experiment using four wells
of cells for each condition. Cells were exposed to 5 uM ionomycin at the end of recordings. (D) Summary of mean peak Yodal-induced
Ca?* responses from 5 independent experiments in transfected cells from all donors, with the Ca?* response expressed as percentage of that
in siCTL-transfected cells in parallel experiments. *, p < 0.05 and ***, p < 0.001.
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4.2.4 Effect of Yodal on cell migration

Several recent studies have reported a critical role of the Piezol channels in mediating cell
migration in cancer and endothelial cells (McHugh et al., 2012; Li et al., 2014; Hung et
al., 2016; Zhang et al., 2017). To investigate the Piezol channel has a similar role in
regulating hDP-MSC migration, | performed wound healing assay to determine the effects
of exposure to Yodal on hDP-MSC migration. Figure 4.7A illustrates representative
images of the wound areas at 0, 24, 48 and 72 hours for cells from 9F in the absence and
in the presence of 0.1, 0.3 and 1 uM Yodal. Figure 4.7B-E shows quantitative analysis of
wound healing at 24, 48 and 72 hours for hDP-MSCs from 9F, 20M, 22M and 32F. Figure
4.7F summarizes the mean results from 8 independent experiments from cells of all four
donors. The results, albeit with some variations among the donors show that exposure to
Yodal resulted in a concentration-dependent increase in cell migration, with the increase
induced by 0.3 and 1 uM Yodal reaching significance (Figure 4.7F).

4.2.5 Effect of siRNA knockdown of Piezol on Yodal-induced cell migration

To further demonstrate the role of the Piezol channels in Yodal-induced hDP-MSC
migration, | examined the effect of exposure to 0.3 uM Yodal on cell migration in hDP-
MSCs transfected with siPiezol and siCTL. Of notice, as compared to transfection with
siCTL, transfection with siPiezol appeared to affect cell migration in the absence of
Yodal, and the effects were variable from no change in cells from 9F (Figures 4.8A), an
increase in cells from 20M and 22M (Figures 4.8B and C) and a reduction in cells from
32F (Figure 4.8D). The mean results from 5 independent experiments for cells from all
donors are thus presented as percentage of cell migration in the absence of Yodal (Figure
4.8E). It is clear that Yodal still significantly increased cell migration in hDP-MSCs
transfected with siCTL and, in contrast, Yodal-induced increase in cell migration was
largely abolished in cells transfected with siPiezol (Figures 4.8E). The results provide
evidence to support a role of the Piezol channel in mediating Yoda-linduced increase in
hDP-MSC migration.
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Figure 4. 7 Yodal stimulates hDP-MSC migration.
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(A) Representative images illustrating the wound areas at 0, 24, 48 and 72 hours, using cells from 9F in the absence (CTL) and presence
of indicated concentrations of Yodal in the culture medium. (B-E) Quantitative analysis of wound area healing at 24, 48 and 72 hours,
using cells from 9F (N = 2 wells) (B), 20M (N = 2 wells) (C) 22M (N = 2 wells) (D) and 32F (N = 2 wells) (E) in 1 set of experiment. (F)
Summary of the mean wound narrowing, as percentage of that under control conditions at the same time points in parallel experiments,
from 8 independent experiments using cells from all donors. *, p < 0.05 compared to control condition at the same time points.
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Figure 4. 8 Effect of sSiRNA-mediated knockdown of Piezol on Yodal-induced hDP-MSC migration.

(A-D) Quantitative analysis of wound area healing 24, 48 and 72 hours, using cells from 9F (N = 2 wells) (A), 20M (N = 2 wells) (B) 22M
(N =2 wells) (C) and 32F (N = 2 wells) (D) transfected with siCTL and siPiezol in the absence and presence of 0.3 uM Yodal in 1 set of
experiment. (E) Summary of the mean wound narrowing, as percentage of that under control conditions at the same time points in parallel
experiments, from 5 independent experiments using cells from all donors. *, p < 0.05 compared to siCTL-transfected cells under control
condition at the same time points. ##, p < 0.01 and ###, p < 0.001 compared to siCTL-transfected cells treated with Yodal at the same time
points.
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4.2.6 Effects of PPADS and apyrase on Yodal-induced cell migration

As discussed in the Introduction chapter (section 1.5) and briefly recapitulated in the
Introduction to this chapter (section 4.1), it has been shown that mechanical stimuli can
regulate MSC functions via inducing ATP release and activation of the P2 receptors. There
is also increasing evidence that the Piezol channel mediates mechanical induction of ATP
release (Miyamoto et al., 2014; Cinar et al., 2016; Wang et al., 2016; Albarran-Juarez et
al., 2018) and activation of the P2 receptors (Wang et al., 2016). These findings lead to
the hypothesis that Yodal-induced activation of the Piezol channel stimulated hDP-MSC
migration via promoting ATP release and subsequent activation of P2 receptors. Our
recent study (Peng et al., 2016) and the results shown in chapter 3 show that ATP-induced
stimulation promotes hDP-MSC migration were sensitive to blockage by treatment with
30 uM PPADS. Therefore, to test the above hypothesis, | firstly determined whether
treatment with PPADS was also effective in blocking Yodal-induced increase in cell
migration. As | showed in chapter 3 (Figure 3.3), treatment with 30 uM PPADS in the
absence of Yodal was without effect on cell migration but, interestingly, largely prevented

Yodal-induced increase in cell migration of hDP-MSCs (Figure 4.9).

To further examine whether Yodal-induced activation of the Piezol channel indeed
induces release of ATP and, in turn, activates ATP-sensitive P2 receptors, | next
determined the effect of treatment with ATP-hydrolyzing enzyme apyrase on Yodal-
induced increase in hDP-MSC migration. Indeed, inclusion of 0.3 and 1 U/ml apyrase,
while resulting in no effect on cell migration on its own, inhibited Yodal-induced increase
in hDP-MSC migration (Figure 4.10). Quantitative analysis of the mean data shows that
treatment with 0.3 U/ml apyrase significantly reduced Yodal-induced increase in cell
migration at 24 hour and treatment with 1 U/ml apyrase prevented Yodal-induced

stimulation of cell migration at 24, 48 and 72 hours (Figure 4.10C).
In summary, these results provide strong evidence to suggest that Yodal-induced Piezol

channel activation stimulates hDP-MSC migration via ATP release and subsequent

activation of the P2 receptors.
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Figure 4. 9 Inhibition of Yodal-induced hDP-MSC migration by PPADS.

(A) Representative images showing wound areas in wound healing assay at 24, 48 and 72 hours, using cells from 9F pre-treated with 30
1M of PPADS in the absence and presence of 0.3 uM Yodal. (B) Quantitative analysis of wound area healing under the same experimental
concentrations as shown in A (N = 2 wells). (C) Summary of the mean wound narrowing, as percentage of that under control conditions at

the same time points in parallel experiments, from 3 independent experiments using cells from 9F. *, p < 0.05 compared to control condition
at the same time points; #, p < 0.05 compared to cells exposed to Yodal alone at the same time points.

103



A Ohr 24 hr 48 hr 72hr B
| 4 S = ; 1204 9F
24 hr

OZHHHHHH IIIIIIJIIIII

| Yodal(uM) 0 0 00303030 0 00303030 0 0030303
Apyrase (UmD0031 0031 0031 0031 0031 0031

7 C

._.
o
o

—
I
@)

[}
(=]

= D
o O

Wound area healing (%)
(3]
[=]

1UmlA 03UmlA

350
F 24 hr 48 hr 72 hr

£

# #
OH H Ill.lll_l'".l.l
| Yodal(uM) G G 003063030 0 00303030 0 0030303
_ | Apyrase (U/ml)0 031 003 1 0031 0031 0031 0031

Yodal
NN W
o nh O
S o S
—

+ Yodal
S o
S o

Wound healing (% CTL)
n
o

1UmlA 03UmlA

+ Yodaﬂl )

Figure 4. 10 Inhibition of Yodal-induced hDP-MSC migration by treatment with apyrase.

(A) Representative images showing wound areas in wound healing assay at 0, 24, 48 and 72 hours, using 9F pre-treated with apyrase at
indicated concentrations in the absence and presence of 0.3 uM Yodal. (B) Quantitative analysis of wound area healing under the same
experimental concentrations as shown in A (N = 2 wells). (C) Summary of the mean wound narrowing, as percentage of that under control
conditions at the same time points in parallel experiments, from 3 independent experiments using cells from 9F. *, p < 0.05 compared to
control condition at the same time points; #, p < 0.05 compared to cells exposed to Yodal alone at the same time points.
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4.2.7 Effect of CaMKII inhibitor KN-93 on Yodal-induced cell migration

The results described in the previous chapter show involvement of CaMKII, PKC, PYK2
and MAPKSs as Ca?*-dependent downstream signalling pathways in ATP-induced increase
in hDP-MSC migration. It is interesting to test whether these signalling pathways are also
involved in Yodal-induced Piezol-mediated increase in hDP-MSC migration. | firstly
examined the effect of KN-93 on Yodal-induced hDP-MSC migration. Pre-treatment with
0.3 M KN-93 prior to and during exposure to 0.3 uM Yodal reduced cell migration of
hDP-MSCs from 32F (Figure 4.11A and B). Similar results were obtained for cells from
9F and 20M (Figure 4.11C and D). Figure 4.11E summarizes the mean data from 4
independent experiments using hDP-MSCs from all the three donors and shows that
treatment with KN-93 largely abolished Yodal-induced increase in cell migration. These
results suggest a role for CaMKII as a Ca®*-dependent signalling mechanism downstream

of Piezol channel activation in mediating hDP-MSC migration.

4.2.8 Effect of PKC inhibitor CTC on Yodal-induced cell migration

To determine whether PKC is involved in mediating Piezol-mediated stimulation of hDP-
MSC migration, | tested the effect of CTC on Yodal-induced hDP-MSC migration. As
shown in Figure 4.13A, migration of hDP-MSC from 32F was reduced by treatment with
1 puM CTC prior to and during exposure to Yodal, as examined at 24, 48 and 72 hours
(Figure 4.12A and B). Similar results were obtained for cells from 9F and 20M (Figure
4.12C-D). Figure 4.12E summarizes the mean data from 4 independent experiments using
hDP-MSCs from all three donors and shows that inhibition of PKC strongly suppressed
Yodal-induced increase in cell migration. These results, therefore, suggest a significant
role for the activation of PKC in transducing Piezol channel-mediated hDP-MSC

migration.
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Figure 4.11 Inhibition of Yodal-induced hDP-MSC migration by KN-93.

(A) Representative images showing wound areas at 0, 24, 48 and 72 hours, using cells from 32F in the absence (CTL) and presence of 0.3
uM Yodal without or with prior treatment with 0.3 uM KN-93. (B-D) Quantitative analysis of wound area healing at 24, 48 and 72 hours,
using cells from 32F (N = 2 wells) (B), 9F (N = 2 wells) (C) and 20M (N = 2 wells) (D) in 1 set of experiment, under the same experimental
concentrations as shown for 32F in A. (E) Summary of the mean wound narrowing, as % of that under control conditions at the same time
points in parallel experiments, from 4 independent experiments using cells from 9F, 20M and 32F. *, p < 0.05 compared to control condition
at the same time points; #, p < 0.05 and ##, p < 0.01 compared to cells exposed to Yodal alone at the same time points.
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Figure 4. 12 Inhibition of Yodal-induced hDP-MSC migration by CTC.
(A) Representative images showing wound areas at 0, 24, 48 and 72 hours, using 32F in the absence (CTL) and presence of 0.3 uM Yodal
without or with prior treatment with 1 uM chelerythrine chloride (CTC). (B-D) Quantitative analysis of wound areas using 32F (N = 2
wells) (B), 9F (N = 2 wells) (C) and 20M (N = 2 wells) (D) in 1 set of experiment, under the same experimental concentrations as shown
in A. (E) Summary of the mean wound narrowing, as % of that under control condition at the same time points in parallel experiments,
from 4 independent experiments from 9F, 20M and 32F. *, p < 0.05 and ***, p < 0.001 compared to control condition at the same time
points; #, p < 0.05 and ###, p < 0.001 compared to cells exposed to Yodal alone at the same time points.
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4.2.9 Effect of PYK2 inhibitor PF431396 on Yodal-induced cell migration

The involvement of PYK2 in Yodal-induced cell migration was also investigated by using
PF431396. Figures 4.13A illustrates representative images showing wound healing of
hDP-MSCs from 32F that were treated with 10 nM PF431396 prior to and during exposure
to Yodal, and Figure 4.13B show quantitative analysis of wound healing or migration at
24, 48 and 72 hours. Similar results were obtained for cells from 9F and 20M (Figure
4.13C and D). Figure 4.13E summarizes the mean data from 3 independent experiments
using hDP-MSCs from all the three donors and shows that inhibition of PYK2 almost
completely abolished Yodal-induced increase in cell migration, therefore, suggesting that
activation of PYK2 plays an important role in transducing Piezol channel-mediated hDP-

MSC migration.

4.2.10 Effect of MEK/ERK inhibitor U0126 on Yodal-induced cell migration

The role of MEK/ERK in Yodal-induced stimulation of cell migration was examined
using U0126. Treatment with 1 uM U0126 prior to and during exposure to Yodal resulted
in complete loss of Yodal-induced increase in cell migration in hDP-MSCs from 32F
(Figure 4.14A and B). Similar results were obtained for cells from 9F and 20M (Figure
4.14C and D). Figure 4.14E summarizes the mean data from 3 independent experiments
using hDP-MSCs from all the three donors and shows that treatment with U0126
prevented Yodal-induced stimulation of cell migration (Figure 4.14E). These results,
therefore, provide evidence to suggest the engagement of MEK/ERK as a downstream

signalling pathway in Piezol channel-mediated hDP-MSC migration.

4.2.11 Effect of p38 kinase inhibitor SB202190 on Yodal-induced cell migration

Finally, the role of p38 signalling pathway was investigated in Yodal-induced hDP-MSC
migration. Figure 4.15A illustrates representative images showing wound healing of hDP-
MSCs from 9F that were treated with 1 M SB202190 prior to and during exposure to
Yodal, and Figure 4.15B shows quantitative analysis of wound healing or migration at
24, 48 and 72 hours. Figure 4.15C summarizes the mean data from 3 independent

experiments using hDP-MSCs from 9F cells and shows that inhibition of p38 kinase
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resulted in no significant inhibition of Yodal-induced cell migration (Figure 4.15C),
suggest that the p38 kinase signalling pathway is involved in Piezol channel-mediated
cell migration in hDP-MSCs.
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Figure 4. 13 Inhibition of Yodal-induced hDP-MSC migration by PF431396.

(A) Representative images showing wound areas at 0, 24, 48 and 72 hours, using cells from 32F in the absence (CTL) and presence of 0.3
uM Yodal without or with prior treatment with 10 nM PF431396 (PF). (B-D) Quantitative analysis of wound area healing using cells from
32F (N =2 wells) (B), 9F (N = 2 wells) (C) and 20M (N = 2 wells) (D) in 1 set of experiment, under the same experimental concentrations
as shown in A. (E) Summary of the mean wound narrowing, as percentage of that under control conditions at the same time points in
parallel experiments, from 3 independent experiments using cells from 9F, 20M and 32F. *, p < 0.05 compared to control condition at the
same time points; #, p < 0.05 compared to cells exposed to Yodal alone at the same time points.
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Figure 4. 14 Inhibition of Yodal-induced hDP-MSC migration by U0126.

(A) Representative images showing wound areas at 24, 48 and 72 hours, using cells from 32F in the absence (CTL) and presence of 0.3
uM Yodal without or with prior treatment with 1 uM U0126. (B-D) Quantitative analysis of wound area healing using cells from 32F (N
= 2 wells) (B), 9F (N = 2 wells) (C) and 20M (N = 2 wells) (D) in 1 set of experiment, under the same experimental concentrations as
shown in A. (E) Summary of the mean wound narrowing, as percentage of that under control conditions at the same time points in parallel
experiments, from 3 independent experiments using cells from 9F, 20M and 32F. *, p < 0.05 compared to control condition at the same
time points; ##, p < 0.01 compared to cells exposed to Yodal alone at the same time points.
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Figure 4. 15 No inhibition of Yodal-induced hDP-MSC migration by SB202190.

(A) Representative images showing wound areas in wound healing assay at 0, 24, 48 and
72 hours, using cells from 9F in the absence (CTL) and presence of 0.3 uM Yodal without
or with prior treatment with 1 uM SB202190, and (B) quantitative analysis of wound area
healing at 24, 48 and 72 hours under the same experimental concentrations (N = 2 wells)
in 1 set of experiment as shown in A. (C) Summary of the mean wound narrowing, as
percentage of that under control conditions at the same time points in parallel experiments,

from 3 independent experiments using cells from 9F. *, p < 0.05 compared to control
condition at the same time points.
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4.3 Discussion

The study described in this chapter has made several findings regarding the
mechanosensitive Piezol channel in hDP-MSCs. First of all, the Piezol mRNA and
protein expression are detected, and chemical activation of the Piezol channel results in
Ca?" influx leading to an increase in the [Ca®*]i. Secondly, Piezol channel activation
stimulates cell migration. Thirdly, Piezol channel activation induces ATP release and
subsequent activation of the P2 receptors. Finally, CaMKII, PKC, PYK2 and downstream
MEK/ERK signalling pathways are engaged as Ca?*-dependent signalling mechanisms in

Piezol channel-mediated stimulation of cell migration.

My study provides clear evidence to support the expression of the Piezol channel in hDP-
MSCs. The Piezol expression at the mRNA (Figure 4.1A-B) and protein level (Figure
4.1C) was detected in hDP-MSCs from all donors. Consistently, exposure to Yodal
evoked robust increases in the [Ca?*]i (Figure 4.1D) via extracellular Ca?* influx (Figure
4.2). Yodal-induced increase in the [Ca®']i was strongly inhibited by treatment with RR
(Figure 4.3) and GsMTx4 (Figure 4.4). Furthermore, Yodal-induced increases in the
[Ca?*]i were also significantly attenuated by siRNA-mediated knockdown of Piezol
expression (Figure 4.6). These results from pharmacological and genetic interventions
provide compelling evidence to show that the Piezol channel is functionally expressed on
the cell surface with a significant role in mediating Ca* influx in hDP-MSCs. This finding
is consistent with a recent study reporting expression of the Piezol channels in hBM-
MSCs (Sugimoto et al., 2017). In addition to the Piezol channel being mainly localized
in the plasma membrane (Coste et al., 2010; Miyamoto et al., 2014; Etem et al., 2018),
there is some evidence to suggest that Piezol channel is also present in intracellular
organelles such as ER (McHugh et al, 2010; McHugh et al, 2012). Furthermore, the Piezol
channel was reported to regulate cell adhesion in epithelial cells by mediating ER Ca?*

release and subsequent activation of Ca?*-activated calpain (McHugh et al., 2012).

Several studies show the role for the mechanically activated Piezol channel in regulating
cell migration in CHO-a4WT cells (Hung et al., 2016), endothelial cells (Li et al., 2014),

gastric cancer cells (Yang et al., 2014) and small cell lung cancer (McHugh et al., 2012).
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The results present in this chapter demonstrated that hDP-MSC migration was
significantly stimulated by exposure to 0.3 or 1 uM Yodal for 24-72 hours (Figure 4.7).
Moreover, siRNA-mediated knockdown of Piezol expression significantly attenuated
Yodal-induced cell migration (Figure 4.8). These results suggest chemical activation of
the Piezol channel stimulates hDP-MSC migration. Therefore, the present study together
with recent studies from other researchers (Gao et al., 2017; Sugimoto et al., 2017) suggest
that the Piezol channel plays an important role in regulating cell proliferation,
osteogenesis and adipogenesis and migration of MSCs. A previous study by Yuan et al.
(2012) reported that a low level of shear stress (0.2 pascals) induced hMSC migration in
a wound healing assay. It remains to be established whether such mechanical stimulus is

sufficient to activate the Piezol channel to stimulate cell migration in hDP-MSCs.

Our recent study (Peng et al., 2016) and the study described in chapter 3 have shown that
ATP stimulates hDP-MSC migration by activation of P2 receptor-mediated purinergic
Ca?* signalling in hDP-MSCs. In the present study, treatment with P2 generic antagonist
PPADS (Figure 4.9) or ATP scavenging enzyme apyrase (Figure 4.10) effectively
prevented Yodal-induced hDP-MSC migration. Neither treatment with PPADS (Figure
3.6 and Figure 4.9) nor apyrase in the absence of Yodal resulted in significant effect on
cell migration (Figure 4.10). Taken together, these results provide strong evidence to
support the hypothesis that activation of the Piezol channel induces ATP release and
activation of P2 receptors. This is consistent with recent findings that Piezol channel
mediates mechanical induction of ATP release and subsequent activation of P2 receptors
in urothelial cells (Miyamoto et al., 2014), red blood cells (Cinar et al., 2016) and
endothelial cells (Wang et al., 2016; Albarran-Juérez et al., 2018). Previous studies
reported that mechanical regulation of BM-MSC proliferation and differentiation is
mediated by ATP release and subsequent activation of purinergic Ca®* signalling
mechanisms (Riddle et al., 2007; Sun et al., 2013; Weihs et al., 2014). It is interesting to
investigate whether the Piezol channel plays a role in such mechanical regulation of MSC
proliferation and differentiation via inducing ATP release and subsequent activation of

purinergic Ca?* signalling mechanisms.
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Previous studies showed that mechanical stimulation induced an increase in the [Ca?*];
and consequent activation of PYK2 and downstream MAPK signalling pathways in
osteoblast-like cell proliferation (Boutahar et al., 2004). As discussed above in the
Introduction section, recent studies have reported that activation of the Piezol channel
induces proliferation of rDP-MSCs via the ERK downstream signalling pathway (Gao et
al., 2017), and enhances osteogenic, while inhibiting adipogenic, differentiation of hBM-
MSCs by stimulating the ERK and p38 kinase signalling pathways (Sugimoto et al., 2017).
The present study showed pharmacological inhibition of CaMKII (Figure 4.11), PKC
(Figure 4.12), PYK2 (Figure 4.13) and MEK/ERK (Figure 4.14), but not p38 kinase
(Figure 4.15) strongly inhibited or completely prevented Yodal-induced increase in cell
migration, provide evidence to suggest critical engagement of these kinases as Ca?*-
dependent signalling mechanisms in Piezol channel-mediated stimulation of hDP-MSC
migration. As shown in chapter 3, pharmacological intervention of these signalling
molecules resulted in a similar inhibition of ATP-induced P2 receptor-mediated
stimulation of hDP-MSC migration, highly consistent with the notion that activation of
the Piezol channel induces ATP release and activation of P2 receptor and downstream

Ca?*-dependent signalling pathways in stimulating hDP-MSC migration.

As summarized in Figure 4.17, the results presented in this chapter provide evidence to
show expression of the Piezol channel in hDP-MSCs and support the hypothesis that
activation of the Piezol channel stimulates hDP-MSC migration via promoting ATP
release and subsequent activation of P2 receptor-mediated purinergic Ca®* signalling,
CaMKII, PKC, PYK2 and MEK/ERK signalling mechanisms.
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Figure 4.16 Proposed signalling mechanisms mediating Piezol channel-mediated
stimulation of hDP-MSC migration.

Summary of the signalling mechanisms that mediate Piezol channel-dependent
stimulation of hDP-MSC migration. Activation of the Piezol channel by Yodal induces
ATP release and, in turn, ATP activates the P2 receptors (possibly P2X7, P2Y1, P2Y2
and/or P2Y11) to evoke an increase in the concentration of intracellular Ca®* ([Ca?*]),
which induces activation of protein kinase C (PKC), protein tyrosine kinase 2 (PYK2)
and Ca?*/calmodulin-dependent protein kinase Il (CaMKII). Activation of PYK2, PKC
and/or CaMKII further triggers mitogen-activated protein kinase Kkinase/extracellular
signal-regulated kinase (MEK/ERK). Activation of such signalling pathways is important
in Yodal-induced Piezol-mediated increase in hDP-MSC migration. The activators and
inhibitors used in my study to target various signalling molecules are highlighted in green
and red, respectively.
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CHAPTER 5
Expression of ATP-sensitive P2 receptors during adipogenesis of hDP-
MSCs

5.1 Introduction

As discussed in the Introduction chapter (sections 1.5 and 1.6), the expression of the P2
purinergic receptors, both P2X and P2Y, and their roles in ATP-induced signalling
mechanisms have been well documented in MSCs from different species and tissues. Our
recent study supports a role for the P2X7, P2Y1, P2Y2, and P2Y 11 receptors in mediating
ATP-induced Ca?* signalling in hDP-MSCs (Peng et al., 2016). MSCs are known to
commit differentiation along different lineages, including adipogenesis. There is evidence
to indicate changes in the expression of both P2X and P2Y receptors during adipogenic
differentiation. For example, expression of the P2Y 11 receptor at the mRNA and protein
levels was increased after adipogenic differentiation of hAT-MSCs (Zippel et al., 2012).
In rBM-MSCs cultured in adipogenic differentiation medium, the P2X7 mRNA and
protein expression were down-regulated (Li et al., 2015b), whereas the P2Y2 mRNA
expression was up-regulated (Li et al., 2016). There is evidence to suggest a significant
role of the P2Y1, but not the P2X7, P2Y2 and P2Y11l receptors in ATP-induced
stimulation of hBM-MSC adipogenic differentiation (Ciciarello et al., 2013). However, a
recent study has proposed a role for the P2Y2 receptor in mediating UTP-induced
adipogenic differentiation of rBM-MSCs (Li et al., 2016). Taken together, there is a
noticeable discrepancy in the literature with respect to whether the expression of ATP-
sensitive P2X and P2Y receptors changes during adipogenic differentiation of MSCs and
the role they play in regulating adipogenic differentiation.

As discussed and demonstrated in previous chapters, intracellular Ca?* acts as a second
messenger mediating activation of various Ca?*-dependent downstream signalling
pathways. An earlier study showed that ATP-induced increases in the [Ca?*]i in hBM-
MSCs promoted activation and translocation of Ca?*-dependent transcription factor NFAT

from the cytoplasm into the nucleus to initiate expression of genes involved in the
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regulation of adipogenic differentiation (Kawano et al., 2006). An earlier study reported
that activation of CaMKII suppressed adipogenic differentiation and enhanced osteogenic
differentiation of MSC-like cells, ST2 cells (Takada et al., 2007). A recent study has
shown that pharmacological inhibition of CaMKII reduced lipid accumulation and
expression of PPARy and CEBPa during adipogenesis of pBM-MSCs (Zhang et al.,
2018b). It was reported that inhibition of ERK promoted adipogenic differentiation of
hBM-MSCs, while activation of ERK stimulated osteogenic differentiation (Jaiswal et al.,
2000). However, a recent study suggests that activation of ERK, but not JNK or p38
kinase, downstream of UTP-induced activation of the P2Y2 receptor, mediates up-
regulation of the early stage of adipogenic differentiation of rBM-MSCs (Li et al., 2016).
Another study from the same group also shows that ERK and JNK, but not p38 kinase,
play an important role in BzZATP-induced P2X7-mediated down-regulation of adipogenic
differentiation of rBM-MSCs (L. et al., 2015b). Clearly, more investigation is required to
better understand the Ca?*-dependent signalling mechanisms in extracellular nucleotide

regulation of MSC adipogenic differentiation.

The study presented in this chapter aimed to understand how ATP regulates adipogenic
differentiation of hDP-MSCs and the potential role of P2X and P2Y receptors in such
regulation. | started with examining the expression of the P2X7, P2Y1, P2Y2 and P2Y11
receptors in hDP-MSC:s. I, then, studied the effect of ATP on adipogenic differentiation
and the expression of the aforementioned P2 receptors during adipogenic differentiation.
Finally, | investigated the role of CaMKII and PYK2 in mediating ATP-induced
adipogenic differentiation of hDP-MSCs.

5.2 Results
5.2.1 Purinergic agonists-induced Ca?* responses in hDP-MSCs

The expression of P2X and ATP-sensitive P2Y receptors was firstly examined by
measuring the intracellular Ca®* responses to ATP and other purinergic agonists. Figure
5.1A-C illustrate the Ca?* responses to 300 uM ATP in extracellular Ca®*-containing
solution in hDP-MSCs from 9F, 22M and 22M. ATP-induced Ca?* responses, albeit some
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variations in the amplitude and Kkinetics, were consistently observed in cells from all the
three donors (Figure 5.1D). Treatment with 30 uM PPADS had no significant effect on
the basal [Ca?*]; but strongly reduced ATP-induced increase in the [Ca®']iin hDP-MSCs
from all three donors (Figure 5.2).

| performed further experiments to compare ATP-induced Ca?* responses in extracellular
Ca?*-containing and Ca®*-free solutions to determine the contribution of P2X and P2Y
receptors. There were some noticeable differences in ATP-induced Ca?* responses. In
hDP-MSCs from 9F, ATP evoked strong but transient Ca?* responses in Ca*-free solution
(Figure 5.3A). The peak amplitude of ATP-induced Ca?* response was not significantly
different in Ca2*-containing and Ca2*-free solutions, but the sustained ATP-induced Ca2*
response in Ca?*-containing solution was significantly higher (Figure 5.3A and D). In
contrast, the mean amplitude of both the peak and sustained ATP-evoked Ca?* responses
in Ca?*-containing solution was significantly higher than in Ca?*-free solution in hDP-
MSCs from 20M (Figure 5.3B and E) and 22M (Figure 5.3C and F). These results are
consistent with our recent study hosing various expression of ATP-sensitive P2 receptors
in hDP-MSCs from different donors, including P2X7, P2Y1 and P2Y 11 that represent the

major receptors in ATP- Ca?* responses (Peng et al., 2016).

| also measured the intracellular Ca®" responses to BzATP, ADP and NF546 in
extracellular Ca?*-containing solution to further characterize the expression of P2X and
P2Y receptors. As introduced in Introduction chapter (sections 1.2.2 and 1.2.3), BzZATP
activates the P2X7 receptor with greater potency than ATP, and it also activates the P2Y'1
and P2Y11 receptors. ADP preferentially acts as an agonist at the P2Y1 receptor, and
NF546 at the P2Y 11 receptor. Exposure to 300 uM BzATP induced strong Ca?* responses
in hDP-MSCs from 9F, 20M and 22M (Figure 5.4). Moreover, parallel experiments show
that the peak amplitude of BZATP-induced Ca?* responses was significantly greater than
that of ATP-induced Ca?* responses in hDP-MSCs from all the three donors (Figure 5.4),
consistent with the expression of the P2X7 receptor. | also compared BzATP-induced Ca?*
responses in Ca®*-containing and Ca?*-free solutions. BZATP induced measurable Ca?*

responses in Ca?*-free solutions, supporting the expression of the P2Y1 and P2Y11

119



receptors. Overall, like ATP-induced Ca?" responses, there were some variations in
BzATP-induced Ca?* responses in hDP-MSCs from different donors. In hDP-MSCs from
9F, the peak amplitude of BzATP-induced Ca?* responses in Ca?*-containing and Ca®*-
free solutions showed no significant difference, but the amplitude of the sustained
component in Ca2*-containing solution was significantly greater than in Ca®*-free solution
(Figure 5.5A and D). BzATP induced strong Ca?* response in Ca?*-containing solutions
but very small Ca?* responses in Ca?*-free solutions in hDP-MSCs from 20M and 22M
(Figure 5.5B and C). Exposure to 100 uM ADP consistently induced an increase in the
[Ca?*]iin and Ca?*-containing solution in hDP-MSCs from 9F, 20M and 22M, supporting
the expression of the P2Y1 receptor (Figure 5.6). Likewise, exposure to 10 uM NF546
readily induced strong Ca?* responses in hDP-MSCs from 9F, 20M and 22M (Figure 5.7).
Taken together, these results support that P2X7, P2Y1 and P2Y 11 receptors are expressed,
albeit with variations, in hDP-MSCs, as reported in our recent study (Peng et al., 2016).

5.2.2 Effect of ATP on adipogenic differentiation

| next carried out experiments to examine the effect of exposure to ATP on adipogenic
differentiation of hDP-MSCs using cells from 9F and 22M. Cells were cultured for 21
days in basal medium and also in adipogenic differentiation medium without or with 30
MM ATP. Adipogenic differentiation was assessed using oil red O staining which shows
red staining of lipid droplets found in adipocytes (Figure 5.8A-B). Determination of the
DNA content, an indicator of cell number, showed that reduced cell growth or
proliferation under adipogenesis-inducing conditions, and exposure to ATP further
reduced cell growth (Figure 5.8C-D). As illustrated in Figure 5.8 A and B, there were
more cells exhibiting oil red O staining under adipogenesis-inducing conditions and
exposure to ATP noticeably increased oil red O staining, which were consistently
observed in cells from both donors. Adipogenic differentiation was further analyzed by
extracting oil red O stain and normalized by the DNA content or cell number (Figure 5.8E-
G). Overall, the results clearly demonstrated that extracellular ATP can significantly

enhance the adipogenic differentiation of hDP-MSCs.
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5.2.3 Expression of the P2Y1, P2Y2, P2Y11 and P2X7 receptors in hDP-MSC after

adipogenic differentiation

As mentioned above, there is evidence to show considerable changes in the expression of
both P2X and P2Y receptors during adipogenic differentiation. I, therefore, performed
real-time RT-PCR to determine the expression of P2X7, and all ATP-sensitive P2Y
receptors, P2Y1, P2Y2 and P2Y1l, in hDP-MSCs from 9F cultured in basal and
adipogenic differentiation inducing media without or with 30 uM ATP, as described above
for the experiments examining the effect of ATP on adipogenic differentiation. The
MRNA expression for P2Y1, P2Y2, P2Y11 and P2X7 was detected. The P2Y1 mRNA
level was significantly up-regulated in hDP-MSCs after adipogenic differentiation (Figure
5.9A-B). Conversely, the P2Y2 mRNA expression was strongly down-regulated in cells
after cultured in adipogenic differentiation medium (Figure 5.9C-D). Exposure to ATP
resulted in no further change in the mRNA expression level for the P2Y1 and P2Y2
receptors (Figure 5.9A-D). The P2Y 11 mRNA expression remained unaltered in cells after
cultured in adipogenic differentiation medium, but significantly up-regulated by exposure
to ATP (Figure 5.9E-F). Finally, the P2X7 mRNA expression showed no significant
change during adipogenic differentiation and remained the same after exposure to ATP
(Figure 5.9G-H). These results show upregulation of the P2Y1 receptor, down-regulation
of the P2Y2 receptor, and no change for the P2Y 11 and P2X7 receptors during adipogenic
differentiation of hDP-MSCs and that ATP up-regulates the P2Y11 receptor without no
effect on the P2Y1, P2Y2 and P2X7 receptors.

5.2.4 Effects of PYK2 and CaMKII inhibitors on ATP-induced up-regulation of
adipogenic differentiation

Recent studies have shown that purinergic Ca?* signalling can regulate MSC adipogenic
differentiation via activation of downstream Ca?*-dependent signalling pathways (Li et
al., 2015b; Li et al., 2016). | was interested in the role of PYK2 and CaMKII in mediating
ATP-induced up-regulation of adipogenic differentiation of hDP-MSCs. Figure 5.10A
illustrates representative images showing oil red O staining of hDP-MSCs from 9F
incubated in basal medium and adipogenic differentiation inducing medium and treated

with 10 nM PF431396, prior to and during exposure to 30 uM ATP. Treatment with
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PF431396 slightly increased the DNA content or cell growth (Figure 5.10B), and reduced
oil red O staining in cells after cultured in adipogenic differentiation inducing medium in
the presence of ATP (Figure 5.10A). Similar results were obtained with cells from 22M
(Figure 5.10C). Figure 5.10D summarizes the mean data from 9F and 22M from 3
independent experiments and show that treatment with PF431396 significantly attenuated
ATP-induced up-regulation of adipogenesis. Likewise, as shown for hDP-MSCs from 9F
(Figure 5.11A and B) and 22M (Figure 5.11C) and the mean data from both donors from
3 independent experiments (Figure 5.11D), treatment with 0.3 uM KN-93, prior to and
during exposure to ATP, reduced ATP-induced increase in adipogenic differentiation.
These results suggest an important role of PYK2 and CaMKII in mediating ATP-induced
upregulation of adipogenic differentiation of hMSCs.

122



1.6-

1.5 300 uM ATP 0.20-

oo

0 ©0.161

o144 2

§1_3 [go.n-

F1.24 0.081

11 0041

12 3 4 0.00-
Time (m)

B

2.8120M

% 300 uM ATP 0163

) L o

22.6] 20 12-
=
$0.081
(2
<10.041
0.00-

L2
Time (m)

9F

ek

20M

C
=2.21 300 uM ATP 0.3
éZ.l' S dk ok
2.0 £0.21
& S
©1.9 Z o
. 0. 1
1.8 <
o1 3 3 4
Time (m) 0'0-221\/[
0.47
ok ks
2 2
%0 37 v
=
§0.2
<0.1

0.0°
9% HON N

Figure 5.1 ATP-induced intracellular Ca?* responses in hDP-MSC:s.

(A-C) Representative recordings of the change in F340/F380 (the [Ca®*]) by 300 uM ATP
in extracellular Ca?*-containing solution from (left) 9F (N = 4 wells) (A), 20M (N = 4
wells) (B) and 22M (N = 4 wells) (C) and summary of the mean maximum change in the
[Ca?*]i induced by ATP in cells for each donor (right) from 4 wells in 1 set of experiment.
(D) Summary of the mean changes in the [Ca?*]i in 6 independent experiments for cells
from each donor. *** p < 0.001 indicates significant increase in the Ca?* responses after

addition of ATP.
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Figure 5.2 Inhibition by PPADS of ATP-induced increase in the [Ca?*]i in hDP-MSCs.

(A-C) Representative recordings of the change in F340/F380 (the [Ca®']i) induced by 300 uM ATP in cells pre-treated with (red) and
without (black) 30 uM PPADS (left) from 9F (N = 4 wells) (A), 20M (N = 4 wells) (B) and 22M (N = 4 wells) (C), and summary of the
mean maximum change in the [Ca?*]i induced by ATP in cells for each donor (right) from 4 wells in 1 set of experiment. (D) Summary of
the mean percentage of inhibition by PPADS in 5 independent experiments from all three donors. **, p < 0.01, *** p < 0.001 compared
to control cells treated with ATP alone.
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Figure 5.3 ATP-induced intracellular Ca?* responses in extracellular Ca?*-free solution in hDP-MSC:s.

(A-C) Representative recordings of the change in F340/F380 (the [Ca?'];) induced by 300 uM ATP in extracellular Ca?*-containing and
Ca?*-free solutions (left) from 9F (N = 4 wells) (A), 20M (N = 4 wells) (B) and 22M (N = 4 wells) (C), and summary of the mean maximum
change in the [Ca?']i in cells for each donor (right) from 4 wells in 1 set of experiment. (D-F) Summary of the average change in the [Ca?"];
induced by ATP in cells in extracellular Ca?*-containing and Ca?*-free solutions in 3 independent experiments for each of the 9F (D), 20M
(E) and 22M (F). *, p < 0.05, ***, p < 0.001 compared Ca?* responses in extracellular Ca?*-containing and Ca?*-free solutions at the same
time points. NS, no significant difference.
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Figure 5.4 BzZATP-induced intracellular Ca?* responses in hDP-MSCs.

(A-C) Representative recordings of the changes in F340/F380 (the [Ca?'])) by 300 uM ATP and BzATP in extracellular Ca*-containing
solution from (left) 9F (N = 4 wells) (A), 20M (N = 4 wells) (B) and 22M (N = 4 wells) (C), and summary of the mean maximum change
in the F340/F380 in cells for each donor (right) from 4 wells in 1 set of experiment. (D-F) summary of the changes in the [Ca?*]; induced
by ATP and BzATP in 6 independent experiments for 9F (D), 9 independent experiments for 20M (E) and 7 independent experiments for
22M (F). *, p <0.05, **, p < 0.01, ***, p < 0.001 compared to ATP.
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Figure 5.5 BzATP-induced intracellular Ca?* responses in the presence and absence of extracellular Ca?* in hDP-MSC:s.

(A-C) Representative recordings of the change in F340/F380 ([Ca?']i) induced by 300 uM BzATP in extracellular Ca?*-containing and
Ca?*-free solutions (left) from 9F (N = 4 wells) (A), 20M (N = 4 wells) (B) and 22M (N = 4 wells) (C), and summary of the mean maximum
change in the [Ca?']i in cells for each donor (right) from 4 wells in 1 set of experiment. (D-F) Summary of the average change in the [Ca*];
induced by BzATP in cells in extracellular Ca**-containing and Ca?*-free solutions in 4 independent experiments for the 20M (E), and 2
independent experiments for each of the 9F (D) and 22M (F). *, p < 0.05, **, p < 0.01, ***, p < 0.001 compared Ca?* responses in Ca?*-
containing and Ca?*-free solutions at the same time points. NS, no significant difference.
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Figure 5.6 ADP-induced intracellular Ca?* responses in hDP-MSCs

(A-C) Representative recordings of the change in F340/F380 (the [Ca?*];) induced by 100
UM ADP in extracellular Ca%*-containing solutions (left) from 9F (N = 4 wells) (A), 20M
(N =4 wells) (B) and 22M (N = 4 wells) (C), and summary of the mean maximum change
in the [Ca?']; in cells for each donor (right) from 4 wells in 1 set of experiment. (D-F)
Summary of ADP-induced changes in the [Ca?*]i from 4 independent experiments for the
9F (D) and 20M (E), and 2 experiments for the 22M (F). ***, p < 0.001 indicates a
significant increase in the [Ca?*); after addition of ADP.
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Figure 5.7 NF546-induced intracellular Ca?* responses in hDP-MSC:s.

(A-C) Representative recordings of the change in F340/F380 (the [Ca?*]i) induced by 10
UM NF546 in extracellular Ca?*-containing solutions (left) from 9F (N = 4 wells) (A),
20M (N = 4 wells) (B), 22M (N = 4 wells) (C), and summary of the mean maximum
change in the [Ca?*]i in cells for each donor (right) from 4 wells in 1 set of experiment.
(D) Summary of NF546-induced changes in the [Ca?']; in 5 independent experiments for
hDP-MSCs from all three donors; 9F, 20M and 22M. *** p < 0.001 indicates a significant

increase in the [Ca")i after addition of NF546.
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Figure 5.8 Effect of ATP on adipogenic differentiation of hDP-MSCs.

(A-B) Representative images showing typical oil red O staining (fat droplets in red indicating fat-containing adipocytes) and Hoechst 33342
staining (nuclei in blue) after cells (A: 9F and B: 22M) cultured for 21 days in basal medium (BM) and adipogenic differentiation medium
(ADM) with or without 30 UM ATP. (C-D) Summary of the DNA content (ng/ml) in cells (C: 9F and D: 22M) cultured in the indicated
conditions in 1 set of experiment. (E-F) Summary of oil red O staining determined by the ODs10 value normalized by the DNA content
(ng/ml) related to the number of cells (E: 9F and F: 22M) under the conditions indicated in 1 set of experiment. (G) Summary of adipogenic
differentiation of hDP-MSCs in ADM with or without ATP as compared to cells in BM for 4 independent experiments from 9F and 22M.
*, p <0.05 compared to ADM. ###, p <0.001 compared to ADM and ATP. ++, p < 0.01 compared to ATP.
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Figure 5.9 The mRNA expression of P2Y1, P2Y2, P2Y11 and P2X7 during adipogenic differentiation of hDP-MSC:s.

Real-time RT-PCR analysis of the mRNA expression for P2Y1 (A), P2Y2 (C), P2Y11 (E) and P2X7 (G) receptors relative to that of -
actin from 2 wells in 1 set of experiment using 9F cells under indicated conditions. Summary of the mean mRNA expression levels of
P2Y1 (B), P2Y2 (D), P2Y11 (F) and P2X7 (H) receptors/p-actin from 4 independent mRNA preparations from 9F cells. *, p < 0.05, *, p
< 0.05, *** p < 0.001 compared to control cells in BM. #, p < 0.05, ##, p < 0.01, ###, p < 0.001 compared to cells in ADM treated with
ATP. +, p <0.05 compared to ATP. NS, no significant difference. BM, basal medium, ADM, adipogenic differentiation medium.
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Figure 5.10 Effect of inhibiting PYK2 on adipogenic differentiation of hDP-MSCs.

(A) Representative images showing typical oil red O staining (fat droplets in red indicating fat-containing cells) and Hoechst 33342 staining
(nuclei in blue) after hDP-MSCs from 9F donor cultured for 21 days in basal medium (BM) and adipogenic differentiation medium (ADM)
without or with 30 uM ATP or together with 10 nM PF431396. (B-C) Summary of the DNA content and summary of the oil red O staining
determined by the ODs1o value per DNA (ng/ml) in cells (B: 9F and C: 22M) under the indicated conditions in 1 set of experiment. (D)
Summary of adipogenic differentiation of hDP-MSCs under indicated conditions from 3 independent experiments from 9F and 22M. *, p
< 0.05 compared to control cells in BM. ###, p < 0.001 compared to cells in ADM treated with ATP. ++, p < 0.01 compared to ATP. %%,

p < 0.01 compared to cell treated with PF431396.
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Figure 5.11 Effect of inhibiting CaMKII on adipogenic differentiation of hDP-MSC:s.

(A) Representative images showing typical oil red O staining (fat droplets in red indicating fat-containing cells) and Hoechst 33342 staining
(nuclei in blue) after hDP-MSCs from 9F donor cultured for 21 days in basal medium (BM) and adipogenic differentiation medium (ADM)
without or with 30 uM ATP or together with 0.3 uM KN-93. (B-C) Summary of the DNA content (ng/ml) and summary of the oil red O
staining determined by the ODs1o value per DNA (ng/ml) in cells (B: 9F and C: 22M) under the indicated conditions in 1 set of experiment.
(D) Summary of adipogenic differentiation of hDP-MSCs under indicated conditions from 3 independent experiments from 9F and 22M
donors. *, p < 0.05 compared to control cells in BM. ###, p < 0.001 compared to cells in ADM treated with ATP. ++, p < 0.01 compared
to ATP. %%, p < 0.01 compared to cell treated with KN-93.
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5.3 Discussion

The results described in this chapter provide evidence to support that the P2Y1, P2Y2,
P2Y11 and P2X7 receptors are expressed in hDP-MSCs and that the P2Y1, P2Y11
and P2X7 receptors are engaged in ATP-induced Ca?* signalling, with variations
among three donors, 9F, 20M and 22M. Based on the cells from one donor, 9F, the
P2Y1 expression is up-regulated and the P2Y2 expression is down-regulated, whereas
the expression of P2Y11 and P2X7 remain unchanged after adipogenic differentiation;
exposure to ATP during adipogenic differentiation enhanced the P2Y11 expression
without effect on the other three receptors. ATP enhanced adipogenic differentiation,
depending on the activation of PYK2 and CaMKII in hDP-MSCs from two donors, 9F
and 22M.

Similar to previous studies on MSCs from other tissues or origins (Zippel et al., 2012;
Ferrari et al., 2011), the present study showed that ATP induced robust increases in
the [Ca?*]i in extracellular Ca?*-containing solution in hDP-MSCs (Figure 5.1). ATP-
induced Ca?* responses were, however, noticeably different among three donors
examined, being sustained in cells from 9F and 22M (Figure 5.1A and C) and much
transient in cells from 20M (Figure 5.1B). Regardless, ATP-induced Ca?* responses
were strongly inhibited by treatment with PPADS (Figure 5.2), supporting the
importance of P2 receptors in mediating such ATP-induced Ca?* signalling in hDP-
MSCs.

As discussed in the Introduction chapter, ATP can increase the [Ca?*]i through the P2X
and P2Y receptors (Figure 1.5). ATP-induced Ca®" responses in Ca?*-containing
solution, albeit variable responses among donors, were greater in amplitude and/or
more sustained in kinetics than those in Ca?*-free solution in hDP-MSCs (Figure 5.3),
suggesting expression of the P2X receptors and/or CRAC channels with a significant
role in ATP-induced Ca?" influx (Peng et al., 2016). BzATP, known to be more potent
than ATP at the P2X7 receptor (Jarvis and Khakh, 2009), induced significantly
stronger Ca?* responses in Ca?*-containing solution than ATP at the same
concentration (300 uM) in Ca?*-containing solution in cells from all three donors
(Figure 5.4), consistent with expression of the P2X7 receptor. BzZATP can also activate
the P2Y1 (llatovskaya et al., 2013) and P2Y 11 receptors (Communi et al., 1999), and
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evoked considerable Ca?* responses in cells from all three donors in Ca?*-free solutions
(Figure 5.5). Both ADP, preferentially activating the P2Y1 receptor (Lambrecht, 2000;
Burnstock, 2007; Jacobson et al., 2015), and NF546, a P2Y 11-selective agonist (Meis
et al., 2010), induced substantial Ca®* responses in Ca?*-containing solutions in hDP-
MSCs from all three donors (Figure 5.6 and Figure 5.7). These results obtained using
hDP-MSC from multiple donors provide further evidence to support the expression of
the P2Y1, P2Y11 and P2X7 receptors in hDP-MSCs and their contribution in ATP-
induced Ca?* signalling (Peng et al., 2016).

An important finding from the present study is that exposure to ATP during adipogenic
differentiation of hDP-MSCs from 9F and 22M donors significantly increased fat
droplet formation (Figure 5.8), indicating that ATP stimulates adipogenic
differentiation, consistent with the previous study examining ATP-pretreated hBM-
MSCs cultured in adipogenic differentiation medium (Ciciarello et al., 2013). Real-
time RT-PCR analysis of the expression of the P2Y1, P2Y2, P2Y11l and P2X7
receptors in hDP-MSCs from 9F donor after adipogenic differentiation, revealed an
increase in the P2Y'1 expression, a decrease in the P2Y2 expression, and no alteration
in the expression of the P2Y11 and P2X7 receptors, in comparison to non-induced
hDP-MSCs (Figure 5.9). These results strongly support the notion that the expression
of the P2X and/or P2Y receptors changes during adipogenic differentiation (Zippel et
al., 2012; Li et al., 2015b; Li et al., 2016). For example, in adipogenesis inducing
medium, mMRNA expression of the P2Y2 receptor was up-regulated in rBM-MSCs (Li
etal., 2016), P2Y 11 receptor was up-regulated in hAT-MSCs (Zippel et al., 2012), and
P2X7 receptor was down-regulated in rBM-MSCs (Li et al.,, 2015b). Such
discrepancies could be attributed to different species and origins of MSC preparations.
In the present study, exposure to ATP during adipogenic differentiation significantly
up-regulated the P2Y11 mRNA expression in hDP-MSCs from 9F donor, without
effect on the mRNA expression of the P2Y'1, P2Y2 and P2X7 receptors, in comparison
to hDP-MSCs cultured in adipogenesis inducing medium in the absence of application
of exogenous ATP (Figure 5.9). A recent study also reported that UTP exposure had
no effect on the P2Y2 expression in rBM-MSCs during adipogenic differentiation (Li
etal., 2016).
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Another noticeable finding from the present study is to reveal the role of PYK2 and
CaMKII in ATP-induced up-regulation of adipogenic differentiation of hDP-MSCs.
The present study showed that pharmacological inhibition of PYK2 reduced ATP-
induced stimulation of adipogenic differentiation of hDP-MSCs, suggesting that
activation of PYK2 enhanced adipogenic differentiation (Figure 5.10). It was reported
that hMSCs transfected by adenovirus-expressing PYK2-targeted short-hairpin RNA
or catalytically inactive PYK2 mutant increased osteogenic differentiation
(Buckbinder et al., 2007), suggesting that activation of PYK2 suppress osteogenic
differentiation of MSCs. It is known that adipogenesis and osteogenesis of MSC are
mutually excluded (Chen et al., 2016). The present and previous studies are thus
consistent with the notion that activation of PYK2 stimulates adipogenesis and
suppresses osteogenesis. The present study also found that pharmacological inhibition
of CaMKII reduced ATP-induced stimulation of adipogenic differentiation of hDP-
MSCs (Figure 5.11). A recent study reports that pharmacological inhibition of CaMKI|I
reduced lipid accumulation and expression of PPARy and CEBPa during adipogenesis
of pPBM-MSCs (Zhang et al., 2018b). However, an earlier study reported that
Ca?*/CaMKII suppressed adipogenic differentiation and promoted osteogenic
differentiation of MSC-like cells, ST2 (Takada et al., 2007). Evidently, further
investigations are required to better understand the role of CaMKII in regulating
differentiation of MSCs including adipogenesis.

In summary, the present study shows that ATP enhances adipogenesis of hDP-MSC,
accompanied with changes in the expression of P2Y1, P2Y2 and P2Y11 receptors and
suggests an important role for PYK2 and CaMKII in mediating ATP-stimulated
adipogenic differentiation of hDP-MSCs. Such information should help to better
understand the signalling pathways determining and regulating the differentiation of
MSCs.
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CHAPTER 6

General discussion and conclusions

MSCs are multipotent adult stem cells that reside in a diversity of tissues, such as bone
marrow, umbilical cord, adipose tissue and dental pulp (Liu et al., 2009; Kaebisch et
al., 2015; Sudulaguntla et al., 2016). Thus, MSCs have highly desirable attributes such
as wide access to tissues, ease isolation and expansion in vitro. In addition, MSCs have
a multitude of the functional properties, including the ability of migrating and homing
to the site of injury, differentiating into multiple cell types, secreting stimulatory
molecules to facilitate regeneration or recovery of injured tissues, modulating the
immune response, and lacking immunogenicity (Wang et al., 2012). Altogether, MSCs
provide promising cell sources for regeneration medicines, including tissue
engineering and cell-based therapy (Ghoraishizadeh et al., 2014). However,
translational uses of MSCs remain inefficacious in part due to their limited capability
of migrating and homing to the target sites (Liu et al.,, 2009; Rombouts and
Ploemacher, 2003; Maijenburg et al., 2012). It is known that the stem cell niches in
tissues provide essential extrinsic signals and associated intrinsic signalling
mechanisms to support the stem cell functions (Ghoraishizadeh et al., 2014), but the
current knowledge towards such signalling mechanisms in stem cells including MSCs
is limited. A better understanding of the signalling mechanisms determining or
regulating hMSC functions will facilitate applications of hMSCs in regenerative
medicines. Intracellular Ca?* is a ubiquitous signalling molecule in determining or
regulating a wide arrange of cell functions. Thus, extracellular chemical, physical and
biological signals are transduced via specified receptors to an intracellular Ca?* signal
and thereby activation of intrinsic signalling mechanisms (Bootman, 2012; Kim et al.,
2015; Artemenko et al., 2018). The studies presented in this thesis examined the Ca?*
signalling mechanisms and downstream Ca?*-dependent signalling pathways, and their
roles in regulating migration and differentiation in hDP-MSCs. This chapter will

summarize the key findings and discuss the future directions.
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6.1 General discussion
6.1.1 Ca?* signalling mechanisms in ATP-induced cell migration

Extracellular ATP is a well-known signalling molecule leading to an increase in the
[Ca?*]i by activating ligand-gated ion channel P2X receptors to mediate extracellular
Ca?" entry, and/or G-protein-coupled P2Y receptors to induce Ca?* release following
activation of the Ga,q1:-PLC-IP3R signalling pathway (Figure 1.5) (Burnstock and
Ulrich, 2011). Our recent study (Peng et al., 2016) and the study described in chapter
5, examining ATP-induced Ca®" signalling mechanisms in hDP-MSC using
pharmacological and genetic interventions, demonstrate that the P2X7, P2Y1 and
P2Y11 receptors mediate ATP-induced Ca?* signalling and play a significant role in
ATP-induced stimulation of cell migration. The study presented in chapter 3 provides
further evidence to support this finding. The results from using wound healing and
trans-well cell migration assays consistently supported that exposure to ATP enhanced
hDP-MSC migration (Figure 3.1 and Figure 3.2). Treatment with PPADS blocked
ATP-induced hDP-MSC migration (Figure 3.3 and Figure 3.4), without affecting cell
migration in the absence of ATP (Figure 3.5, Figure 3.6 and Figure 4.9). The present
study investigated the potential role of the P2X7, P2Y1 and P2Y11 receptors in ATP-
induced stimulation of hDP-MSC migration using receptor subtype specific agonists.
Like ATP, BzATP, a synthetic ATP analogue that activates the P2X7, P2Y1 and
P2Y11 receptors, also stimulated hDP-MSC migration (Figure 3.7). NF546, a P2Y11
selective agonist, was also effective in stimulating hDP-MSC migration (Figure 3.8).
These results in the present study have supported the hypothesis stated that ATP-
sensitive P2 receptors regulate MSC migration and provide further evidence to confirm
or support the finding that the P2X7, P2Y1 and P2Y11l receptors participate in
mediating ATP-induced stimulation of hDP-MSC cell migration, as reported in our
recent study (Peng et al., 2016).

Intracellular Ca?*-dependent signalling pathways have been shown to be engaged in
cell migration. Therefore, the study presented in chapter 3 further investigated the
hypothesis that Ca?*-dependent downstream signalling pathways are involved in
transducing ATP-induced Ca?* signalling to cell migration. My study focused on the
role of CaMKII, PKC and PYKZ2, which have been shown in regulating cell migration

in many cell types by various stimuli. Inhibition of CaMKII with KN-93 strongly
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suppressed ATP-induced hDP-MSC migration (Figure 3.9). Similarly, inhibition of
PKC with CTC prevented ATP-induced hDP-MSC migration (Figure 3.10), providing
consistent evidence with other studies reported that inhibition of PKC reduced cell
migration of hUC-MSCs (Lee et al., 2014; Lin et al., 2015; Ryu and Han, 2015) and
rBM-MSCs (Tang et al., 2012; Song et al., 2013). In addition, inhibition of PYK2 with
PF431396 reduced ATP-induced cell migration of hDP-MSCs (Figure 3.11). There
was no significant effect of these inhibitors on cell migration under the basal condition,
that is, in the absence of ATP (Figure 3.9, Figure 3.10 and Figure 3.11). PYK2 is a
Ca?*-dependent tyrosine kinase and can also be activated by PKC (Lev et al., 1995;
Wu etal., 2002), it remains possible that activation of PYK2 in the present study occurs
downstream of PKC activation. As discussed in chapter 1 (section 1.8), activation of
PKC, PYK2 and CaMKII can initiate downstream signalling pathways, particularly
MEK/ERK and p38 MAPK, to regulate cell migration. There is increasing evidence to
support involvement of MEK/ERK in in regulating MSC migration in hUC-MSCs
(Ryu et al., 2010b; Lee et al., 2014; Lin et al., 2015) and rBM-MSCs (Tang et al.,
2012) or p38 in hUC-MSCs (Ryu et al., 2010b; Oh et al., 2015), hBM-MSCs (Yuan et
al., 2012; Yuan et al., 2013; Lin et al., 2016) and rBM-MSCs (Fu et al., 2009).
Therefore, the study went on to investigate the role of these MAPKSs in ATP-induced
stimulation of hDP-MSC migration. Inhibition of MEK/ERK with U0126 (Figure
3.12) or p38 with SB202190 (Figure 3.13) reduced ATP-induced hDP-MSC migration.
Collectively, these results presented in chapter 3 have supported the hypothesis stated
that Ca?*-dependent downstream signalling pathways involve in transducing ATP-
induced cell migration and suggest a significant role of intracellular Ca?*-dependent
signalling pathways, engaging CaMKII, PKC and PYK2 and downstream MER/ERK
and p38, in transducing ATP-induced Ca?* signalling to an increase in hDP-MSC

migration.

6.1.2 Ca?* signalling mechanisms in Piezol activation-induced cell migration

Mechanical stimulation represents one of the common physical signals to mammalian
cells, and it is also well documented to evoke intracellular Ca®* signalling but the
underlying mechanosensitive Ca?* mechanisms remained elusive until recent
identification of the Piezol channel. There is compelling evidence to demonstrate that

the Piezo1 channel functions as a mechanically-activated Ca?*-permeable channel that
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can mediate mechanical induction of an increase in the [Ca?'];. Interestingly, evidence
has emerged to support a role for the Piezol channel in mediating mechanical
induction of ATP release from cells such as endothelial cell (Wang et al., 2016;
Albarrén-Juérez et al., 2018), urothelial cell (Miyamoto et al., 2014) and red blood cell
(Cinar et al., 2015). MSCs can release ATP in response to mechanical stimulation
(Riddle et al., 2007; Sun et al., 2013; Weihs et al., 2014). However, mechanical
stimulation-induced ATP release from hMSCs remains poorly understood phenomena
(Jiang et al., 2017a). Recent studies have reported expression of the Ca?*-permeable
Piezol channel in hBM-MSCs (Sugimoto et al., 2017) and rDP-MSCs (Gao et al.,
2017). As discussed above, exposure to ATP induces hDP-MSC migration via
inducing P2 receptor-mediated purinergic Ca?" signalling. Taken together, these
findings support the hypothesis that activation of the Piezol channel can regulate MSC
migration via inducing ATP release, activation of P2 receptors and regulation of

downstream Ca?*-dependent proteins.

The study presented in chapter 4, therefore, examined the above hypothesis. Real-time
RT-PCR and immunostaining showed the expression of Piezol at the mRNA (Figure
4.1A-B) and protein (Figure 4.1C) in hDP-MSCs. Consistently, exposure to the Piezol
channel activator Yodal induced an increase in the [Ca®']i (Figure 4.1D), due to Ca?*
influx (Figure 4.2), which was strongly inhibited by treatment with RR, and GsSMTx4,
and also by siRNA-mediated knockdown of the Piezol expression (Figure 4.3, Figure
4.4 and Figure 4.6). These results provide pharmacological and genetic evidence to
indicate functional expression of the Piezol channel in hDP-MSCs. This is consistent
with recent studies suggesting expression of the Piezol channel in hBM-MSCs
(Sugimoto et al., 2017) and rDP-MSCs and rPDLSCs (Gao et al., 2017), and these
studies support the expression of the Piezol channel in MSC of different tissues and
species. In addition, Yodal-induced increase in the [Ca®*]i in hDP-MSCs was
abolished by removing extracellular Ca?* (Figure 4.2), suggesting that Piezol
functions as a Ca?*-permeable channel in the plasma membrane, as described in
bladder urothelial cancer cells (Miyamoto et al., 2014; Etem et al., 2018) and Neuro2A
cells (Coste et al., 2010).
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Recent studies have revealed an important role for the Piezol channel in mediating
mechanical regulation of cell migration in endothelial cells (Li et al., 2014; Zhang et
al., 2017) and numerous types of cancer cells (McHugh et al., 2012; Yang et al., 2014,
Li et al., 2015a; Hung et al., 2016; Zhang et al., 2018a). The study presented in this
chapter provides evidence to suggest that the Piezol channel plays a similar role in
regulating hDP-MSC migration. Exposure to Yodal increased hDP-MSC migration
(Figure 4.7), which was suppressed by Piezol-specific SiIRNA (Figure 4.8). Yodal-
induced stimulation of hDP-MSC migration was lost in the presence of apyrase, a
potent ATP-scavenger (Figure 4.10), indicating ATP release mediates Yodal-induced
Piezol channel-dependent regulation of cell migration. This is the first evidence to
suggest that activation of the Piezol channel induces ATP release from MSCs, and
provide a plausible mechanism for mechanical induction of ATP release from MSCs
reported in previous studies (Riddle et al., 2007; Sun et al., 2013; Weihs et al., 2014).
Furthermore, Yodal-induced Piezol-dependent stimulation of hDP-MSC migration
was strongly inhibited by treatment with PPADS (Figure 4.9). Neither treatment with
PPADS (Figure 3.6 and Figure 4.9) nor with apyrase resulted in significant effect on
cell migration in the absence of Yodal (Figure 4.10). Collectively, these results
strongly support the hypothesis that the Piezol channel activation stimulates hDP-
MSC migration via inducing ATP release and subsequent activation of P2 receptor

purinergic signalling.

The Piezol channel in rDP-MSCs and rPDLSCs (Gao et al., 2017) as well as MSC-
like cells, UE7T-13 and SDP11 (Sugimoto et al., 2017) was proposed to mediate
mechanical induction of the MEK/ERK and p38 MAPK signalling pathways, resulting
in regulation of MSC proliferation (Gao et al., 2017) and differentiation (Sugimoto et
al., 2017). In the final part of the study present in chapter 4 investigated the role of
intracellular Ca®* signalling pathways mediated by CaMKII, PKC, PYK2 and
downstream MEK/ERK and p38 MAPK signalling pathways in mediating Yodal-
induced Piezol channel-dependent stimulation of hDP-MSCs migration. Inhibition of
CaMKII with KN-93 strongly suppressed Yodal-induced hDP-MSC migration
(Figure 4.11). Inhibition of PKC with CTC also prevented Yodal-induced hDP-MSC
migration (Figure 4.12). Inhibition of PYK2 with PF431396 reduced Yodal-induced
cell migration (Figure 4.13). Furthermore, inhibition of MEK/ERK with U0126

significantly reduced Yodal-induced hDP-MSC migration (Figure 4.14). As shown in
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the study examining the effects of these inhibitors on ATP-induced stimulation of
hDP-MSC migration, there was no significant effect of treatment with these inhibitors
on cell migration under the basal condition or in the absence of Yodal (Figure 3.9,
Figure 3.10, Figure 3.11 and Figure 3.12). These results suggest a significant role for
CaMKIlI, PKC, PYK2 and downstream MEK/ERK signalling pathway in Yodal-
induced Piezol channel-dependent stimulation of hDP-MSCs migration. Considered
that such signalling mechanisms, as the discussion above, are important for ATP-
induced P2 receptor-mediated stimulation of hDP-MSC migration, these findings are
consistent with the hypothesis that the Piezol channel activation stimulates hDP-MSC
migration via inducing ATP release and subsequent activation of P2 receptors.
However, in contrast with ATP-induced hDP-MSC migration (Figure 3.13), inhibition
of p38 with SB202190 did not significantly reduce Yodal-induced hDP-MSC
migration (Figure 4.15). The exact reasons for this difference require further
investigation. The experiments with apyrase strongly indicate Yodal-induced ATP
release via activation of the Piezol channel (Figure 4.10), and while the ATP
concentration in the culture medium was not determined, it was anticipated to be lower
than exogenous ATP applied (30 uM) in the study presented in chapter 3, which may
reduce the activation of the P2 receptors, particularly P2X7 receptor. This is consistent
with a previous study showing that activation of the P2X7 receptor by shockwaves or
exogenous application of ATP is coupled to the p38 signalling pathway in hBM-MSCs
(Sunetal., 2013).

6.1.3 Ca?* signalling mechanisms in ATP-induced adipogenesis

Our recent study supports a role for the P2Y 1, P2Y11 and P2X7 receptors in mediating
ATP-induced Ca?* signalling in hDP-MSCs (Peng et al., 2016). The unpublished
results from my laboratory suggest that extracellular ATP promoted adipogenic
differentiation of hDP-MSCs via activation of the P2Y1 and P2Y11, but not P2X7
receptor. As discussed in chapter 1 (section 1.6.3.1), increasing evidence suggests
changes in the expression of both P2X and P2Y receptors during adipogenic
differentiation of MSCs (Zippel etal., 2012; Li et al., 2015b; Li et al., 2016). In addition,
it has been suggested or proposed that an increase in the [Ca?*]i has been reported to
promote activation of Ca?*-dependent proteins such as PYK2 (Buckbinder, 2007;
Eleniste et al., 2016) and CaMKII (Takada et al., 2007; Zhang et al., 2018b) in the
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regulation of adipogenic differentiation of MSCs. Therefore, the study presented in
chapter 5 examined demonstrate a change in the mRNA expression of the P2Y1, P2Y2,
P2Y11 and P2X7 receptors during adipogenic differentiation in the absence or
presence of ATP and, in addition, a role of PYK2 and CaMKII in ATP-induced
stimulation of adipogenic differentiation of hDP-MSCs.

The results present in chapter 5, first of all, provide pharmacological evidence to
further support the functional expression of the P2X7, P2Y1, P2Y2 and P2Y11l
receptors in hDP-MSCs reported in our recent study (Peng et al., 2016). Exposure to
ATP evoked strong increases in the [Ca?*]i in the Ca?*-containing solution (Figure 5.1),
and transient Ca?* responses in the Ca®*-free solution (Figure 5.3), albeit with
noticeably different kinetics, in hDP-MSCs from different donors. ATP-induced Ca?*
responses in the Ca?*-containing solution were strongly inhibited by treatment with
PPADS (Figure 5.2). Exposure to BZATP induced robust Ca* responses with a greater
amplitude than ATP in the Ca?*-containing solution (Figure 5.4). BZATP can activate
the P2Y1 (llatovskaya et al., 2013) and P2Y 11 receptors (Communi et al., 1999) and
induced transient Ca?* responses in the Ca?*-free solution (Figure 5.5). Consistently,
exposure to P2Y 1 agonist ADP (Figure 5.6) or P2Y 11 selective agonist NF546 (Figure
5.7) evoked significant Ca?* responses in hDP-MSCs. Overall, these results support
the conclusion of our previous study (Peng et al., 2016) that the expression of the
P2X7,P2Y1and P2Y11 receptors in ATP-induced Ca?* signalling in hDP-MSCs. The
variations in the amplitude and kinetics of agonist-induced Ca?* responses among

different donors are likely due to the different expression level of the P2 receptors.

The study presented in chapter 5 also provides evidence to show that hDP-MSCs from
9F and 22M donors are potentially capable to differentiate into adipocytes using well-
defined inducing protocol. When cultured in adipogenic differentiation medium, cells
grew slowly, and exhibited dramatic changes in their morphology from the fibroblast-
like or spindle-shaped morphology, which was maintained in non-induced cells, to the
oval-like adipocyte appearance. Adipogenic differentiation was identified by staining
fat droplets with oil red O. Altogether, these observations indicate hDP-MSC
differentiation into adipocytes. Moreover, the present study shows that ATP promoted

adipogenic differentiation of hDP-MSCs (Figure 5.8), consistent with what was
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reported in a previous study that ATP enhanced adipogenic differentiation in hBM-
MSCs (Ciciarello et al., 2013). Real-time RT-PCR analysis revealed an increase in the
P2Y1 expression and a decrease in the P2Y2 expression but no alteration in the
expression of the P2Y11l and P2X7 receptors in hDP-MSC after cultured in
adipogenesis inducing medium (Figure 5.9). Exposure to ATP during adipogenesis
resulted in significant up-regulation of the P2Y11 expression with no effect on the
P2Y1, P2Y2 and P2X7 receptors (Figure 5.9). There is evidence to show that ATP-
induced stimulation of adipogenesis was not influenced by treatment with hP2X7
selective antagonist KN-62, largely excluding a possible role of the P2X7 receptor in
mediating ATP-induced regulation of hBM-MSCs adipogenic differentiation
(Ciciarello et al., 2013). Further experiments are required to provide a better
understanding of the role of the above-mentioned P2 receptors in ATP-induced

stimulation of hDP-MSC adipogenesis.

The results presented in the last chapter showed that inhibition of PYK2 significantly
reduced adipogenic differentiation of hDP-MSCs in the presence of ATP (Figure 5.10),
providing evidence to support the notion that PYK2 may act as a positive regulator of
adipogenesis in hMSCs (Buckbinder et al., 2007; Eleniste et al., 2016). Inhibition of
CaMKII also significantly reduced adipogenic differentiation of hDP-MSCs in the
presence of ATP (Figure 5.11), consistent with a recent study reporting that inhibition
of CaMKII reduced adipogenic differentiation of pBM-MSCs (Zhang et al., 2018b).
Taken together, the present study supports the hypothesis that PYK2 and CaMKII have
an important role in mediating ATP-stimulated adipogenic differentiation of hDP-
MSCs.

6.2 Summary of the major findings

In summary, the study described in this thesis has made the following major findings.
First of all, the study shows exposure to ATP stimulated cell migration in hDP-MSCs
via sequential activation of the P2 receptors, particularly the P2X7, P2Y1 and P2Y11
receptors, and downstream Ca?*-dependent signalling mechanisms engaging CaMKI|,
PKC and PYK2 and MAPK signalling pathways. Secondly, the study reveals a critical
role for activation of the mechanosensitive Piezol channel in stimulating hDP-MSC
migration and furthermore suggests such Piezol channel-dependent stimulation is
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mediated by ATP release and activation of the P2 receptors and the above-described
Ca?*-dependent signalling mechanisms. Finally, the study demonstrates exposure to
ATP promotes adipogenesis of hDP-MSC, which also depends on the activation of
CaMKII and PYK2. The study also shows significant changes in the mRNA expression
of the P2Y1 and P2Y2 receptors, not the P2X7 and P2Y1l receptors, during
adipogenesis of hDP-MSCs, and in the P2Y 11 expression following exposure to ATP
during adipogenesis. Such information should be useful in developing better
applications of MSCs in tissue engineering and cell-based therapy. The cell
migration/homing capacity of in vitro expanded MSCs to the lesion sites after in vivo
transplantation is limited but critical for the development of better applications of
MSC-based therapy. The Ca?* signalling mechanisms such as those presented in this
thesis can be harnessed to improve the low or poor homing capacity of MSCs and
thereby the efficacy of promising applications of MSC-based tissue engineering and
therapies. Moreover, the findings in chapter 5 showed that ATP enhanced MSC
adipogenic differentiation via the P2Y receptors and downstream signal pathways.
Such information is useful for therapeutic applications that depend on MSC
adipogenesis. Indeed, several studies have examined the potential roles of MSC
adipogenesis in managing osteoporosis and obesity-associated metabolic syndromes,
such as dyslipidemia and diabetes, that are characterized by an increase in adipocyte
cell number (Matsushita, 2016; Picke et al., 2018) and reported that the signalling
pathways governing MSC adipogenesis is a highly complex and the molecular
mechanisms linking adipogenesis with health conditions, especially obesity-related
complications, remain unclear (Matsushita, 2016). On the other hand, directing MSCs
to adipogenic differentiation may instead be beneficial in case when reconstructive

surgery (lipofilling) is required after cancer surgery (Oliver-De La Cruz et al., 2019).

6.3 Future directions

The Ca?* signalling mechanisms and Ca?*-dependent downstream signalling pathways
play a key role in transducing extracellular signals to intracellular events to drive cell
functions such as migration and differentiation. While the study presented in this thesis
provide significant insights in Ca?" signalling mechanisms and Ca?*-dependent

downstream signalling pathways in the regulation of cell migration and adipogenic
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differentiation of hDP-MSCs, there are limitations and more investigations can help to

gain a more comprehensive understanding of such Ca?* signalling mechanisms.

The present and previous studies provide clear evidence that ATP-induced P2 receptor-
mediated purinergic Ca?* signalling mechanisms and downstream signalling pathways
play an important role in determining and/or regulating cell differentiation and
migration. Identification of such ATP-induced signalling pathways could facilitate the
application of MSC-based therapies and MSC transplantation. With regard to ATP-
induced stimulation of hDP-MSC migration, our previous study (Peng et al., 2016)
reported that pharmacological and genetic inhibition of the P2X7, P2Y 1 and/or P2Y11
reduced ATP-induced hDP-MSC migration. The present study shows that
pharmacological inhibition of Ca®*-dependent signalling pathways, PKC, PYK2,
CaMKII and downstream MEK/ERK and p38 MAPKSs, reduced ATP-induced hDP-
MSC migration. Therefore, future experiments could include siRNA knockdown of
particular ATP-sensitive P2 receptor to investigate their role in inducing activation of
these Ca?*-dependent downstream signalling pathways using western blotting analysis
of the phosphorylation. Ca?* chelators also can be applied to provide more direct
supporting evidence to show the involvement of Ca?* in activating such downstream
signalling pathways. As discussed in the Introduction chapter, conventional PKCs are
activated by Ca?" and DAG, however, the PKC inhibitor used in the present study,
CTC, is a broad PKC inhibitor targeting conventional, novel and atypical PKCs.
Therefore, pharmacological inhibition using conventional PKC specific inhibitors,
and/or genetic inhibition using siRNA transfection, will inform the PKC types and
isoforms that are involved in ATP-induced cell migration. Likewise, SiRNA
knockdown of PYK2, CaMKII as well as MEK/ERK and p38 MAPKSs can provide
supporting evidence for their role in mediating ATP-induced cell migration. As
mentioned earlier, PKC, PYK2 and CaMKI|I can act upstream of the MAPK signalling
pathways. Thus, siRNA knockdown of such Ca?*-dependent proteins can be applied
to evaluate, using western blotting, their effects on regulating the activity of
MEK/ERK and p38 MAPKSs. A study carried out by Ferrari et al. (2011) has reported
that hMSC pre-treated with ATP increased their homing capacity to the bone marrow
of immune-deficient mice (Ferrari et al., 2011). It is of high interest to evaluate the

importance of Ca?*-dependent signalling mechanisms present in this thesis on hDP-
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MSC homing capacity in vivo. Application of sSiRNA knockdown of the P2X7, P2Y1
and P2Y11 can be considered in future experiments to investigate their effects of on

the in vivo homing capacity of hDP-MSCs pre-treated with ATP.

As discussed earlier, MSCs are mechanosensitive that can sense a variety of external
mechanical cues in the microenvironments, such as shear force, osmotic stress and
stretch, as well as cell-generated intracellular traction forces via actin-myosin
contraction in the absence of extracellular mechanical stimuli. The Piezol channel has
been shown to be directly gated in response to extracellular mechanical stimuli (Pathak
et al., 2014; Murthy et al., 2017) and intracellular cytoskeleton components in the
absence of extracellular mechanical stimuli (Pathak et al., 2014; Nourse and Pathak,
2017; Ellefsen et al., 2019). Accordingly, it is interesting to test whether external
mechanical stimuli such as fluid flow-induced shear stress as well as application of
Yodal can evoke the Piezol channel activation using patch-clamp recording and
furthermore, to study their effect of mechanical stimuli on MSC migration. My study
provided clear evidence to support that Piezol channel activation results in ATP
release from hDP-MSCs. However, further experiments by measuring ATP release
following mechanical stimulation and exposure to Yodal and the effects of SiRNA-
mediated knockdown of Piezol expression on the ATP release will provide more
definitive evidence. There is evidence that intracellular Ca?* can trigger the vesicular
release of ATP (Striedinger et al., 2007; Praetorius and Leipziger, 2009; Dou et al.,
2012). Therefore, application of Ca?* chelators could be considered. Due to the
limitation of the pharmacological inhibitor, PPADS, used in the present study,
experiments should be repeated after selective inhibition of the P2X7, P2Y1 or P2Y11
receptor, using selective receptor inhibitors or SIRNA knockdown. Such experiments
can clarify which P2 receptor(s) are activated by ATP released upon Piezol channel
activation and lead to increased hMSC migration. In this regard, it was noted that p38
MAPK has a significant role in ATP-induced cell migration but not in Yodal-induced
cell migration. It was shown that ATP-induced P2X7 receptor led to activation of the
p38 in hBM-MSCs (Sun et al., 2016). One possibility is the level of ATP released
following the Piezol channel activation was relatively lower and, thus, insufficient to
activate the P2X7 receptor. Furthermore, sSiRNA-mediated inhibition of each of the
Ca?*-dependent signalling pathway can be applied to verify their role in mediating

Piezol-dependent hMSC migration.
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In terms of ATP-induced adipogenic differentiation of hDP-MSCs is mediated through
ATP-sensitive P2 receptors, the findings in the present study can be further
strengthened by experiments using siRNA-mediated knockdown of the P2X7, P2Y1,
P2Y2 or P2Y11 receptor. In addition, to profile the adipogenesis gene expression as
well as fat droplet formation should provide more information regarding ATP-induced
upregulation of adipogenesis. Moreover, the role of Ca?*-dependent proteins in ATP-
stimulated adipogenic differentiation of hDP-MSCs can further be investigated by
siRNA-mediated knockdown. To further demonstrate the significance of the findings
presented in this thesis, in vivo experiments are valuable to examine the effects of
hMSCs pre-treated with ATP on in vivo adipogenic differentiation. Such experiments
can provide a better understanding of the molecular mechanisms underlying ATP-
induced regulation of adipogenic differentiation in hMSCs and the translational

potential and importance of such findings.
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