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Summary

Although adipose tissue plgis important physiological roles, the increase in adiposity
with aging is a common feature in several pathologies, including some forms of
osteoporosis. lon channels and ghrelin signalling have been shown to be involved in
regulating many cell processes sth as proliferation, differentiation and apoptosis,
particularly in bone. This thesis investigated the roles of ghrelin and ion channels in the
adipogenic differentiation of 7F2 preosteoblastic cellsThe amount of Oil Red O stain
increased by 135%.andthA 1 2. ! A@DPOAOGOEITT 1T &£ Ox1 AAEDI AU
M m8¢c¢cnN B E m8n¢gtq AT A #T%" 0, jimDF8cellsm m8¢p
cultured with adipogenic medium comparedwith basal medium, indicating that 7F2
cells differentiated into adipocytes 7F2 cells also expressed previously unreported
variant isoforms of ghrelin at the mRNA level; these variants isoforms were much more
abundant than native ghrelin. 7F2 cells also express the other key genes from ghrelin
signalling, i.e.Ghsrand Mboat4, sugesting that ghrelin or its variant isoforms may have
autocrine/paracrine effects in these cellsGhrelin mRNA expression was higher in 7F2
cells treated with basal medium + 200 nM ghrelin (144.84 + 0.58) and adipogenic
medium + 200 nM ghrelin (123.07 £ B3) compared with cells cultured with basal
medium alone (p = 0.01), and adipogenic medium alone (0.79 + 0.40; p = 0.0089),
respectively. Treatment with 20 nM and 200 nM ghrelinhad no significant effect on
lipid content and on osteoblastic and adipocyticmarkers mRNA levels(p > 0.05). On
the contrary, cell numbers were lower in 7F2 cells cultured with thevoltage-gated K
channel blocker tetraethylammonium, and lipid droplets inside 7F2 celderived
adipocyteswere smaller compared with cells cultured with adipogenic medium alone
suggesting that voltagegated K- channels are involved in regulating cell proliferation
and adipogenic differentiation. 7F2 cells and 7F2 cetlerived adipocytes expressedhe
Kate channel subunits Kcnj8 and Sur2B and the BK chanel subunits Kcnmal and
Kenmb2 12 types of functional ion channels were detected in electrophysiology
experiments but could not be identified. In conclusionghrelin treatment did not inhibit
adipogenic differentiation in 7F2 cells, but7F2 cells expressd previously unreported
variant isoforms of ghrelin and ion channelswhich may play important roles in
regulating osteoblast functions and adipogenic differentiation. Future work is required
to confirm the presence of ghrelin variants at the protein leveland to study the roles of
these variants and ionic mechanisms in bone metabolism. A better understanding of
the mechanisms underlying pathological adipogenesis in bone may provide interesting

therapeutic targets for disorders such as osteoporosis.
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1.1. Outline

While adipose tissue plays an essential role in many physiological processese{
terminal differentiation or trans -differentiation of mature mesenchymal cell
phenotypesinto adipocytes within different tissues is proposed to be a common feature
of certain pathologies, including osteoporosis,cancer or ageassociated immune
senescence Adipose tissue is an important regulator of bone metabolism via the
secretion of factors that can regulate bone homeostasis by direct and indirect
mechanisms (Ali et al, 2013). Bone is a multifunctional, dynamic tissuethat is
constantly remodelled; tobne haneostasis is a result of the balance diween two
processes: bone resgption and bone formation. Both these processes depend on the
proliferation, differentiation and functions (resorption/mineralisation) of specialised
bone cells, osteoclasts and osteoblas Any interference with any of these key
physiological processes can result in unbalanced bone resorption or formation, leading
to bone disorders. Bone marrow contains adipose tissue which participates in
regulating bone homeostasis, but is also assot&l with several bone disorders, such as
osteoporosis Osteoporosis is one of the most common bone disorders, affecting over 3
million people in the United Kingdom the economic cost of fragility fractures was
estimated at £3,497 million in 2010(Svedbomet al., 2013). Osteoporosis is associated
with decreased osteablast formation and activity, and increased adipogenesi¥here
are several risk factors for osteoporosis, such as lortgrm glucocorticoid therapy
(Briot and Roux, 2015) Various treatments are already available, but they are not
adapted for every patient, so it is necessary to develop new treatments. Prevention is
also an important aspect of osteoporosis management, and understanding the
mechanisms of tle pathology can help with that.There are many factors regulating
bone homeostasis; in particularhormones from energy metabolism, such as ghrelin,
play a central role. Ghrelin, which was first discoveredin 1999 for its actions in
stimulating growth hormone (GH) release and appetitgKojima et d., 1999; Wrenet al,
2000), plays many roles in peripheral tissues, including bone and adipose tissues,
regulating osteoblast and adipocyteproliferation and differentiation (Delhanty et al,
2014a; Miller et al, 2015). Although mice deficient in ghrelin (Ghrk/z) or ghrelin
receptor (Ghsk’z) have unalteredbone mineral density (BMD) (Sunet al, 2003, 2004)
their bone microarchitecture is modified: Ghs¥’z mice have lower trabecular bone
mass, whileGhrk/z mice have lower cortical bone masgDelhanty et al, 2014b; a) The
role of ion channels in bone homeostasis is now well established; numerous ion

channels are expressed in mesenchymal stem ce(l8ISCs) osteoblast precursors and
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osteoblasts. A large number of studies have demonstrated that ion chaeis, and
particularly potassium (K+) channels, regulate cell proliferation, differentiation and
functions in bone MSCs(Tao et al, 2008), osteoblasts(Henney, 2008; Henneyet al,
2009; Li, 2012), osteoclasts(Yeon et al, 2015) and adipocytes (Zhang et al., 2012).
Mutations in ion channels can be involved in some pathologieslled channelopathies
including in bone; for example, mutations inthe chloride transporter CIG7 are
associated with osteopetrosis, and this channel may be a therapeutic targetadgst
osteoporosis (Zhao et al, 2009; Schulzet al, 2010). Finally, K+ channels are also
involved in mediating ghrelin signalling (Dezaki et al, 2007). The work presented in
this thesis focuses on the role of ghrelin and ionic mechanismsin the adipogeric
transdifferentiation of murine 7F2 cellsas a model for the adipogenesis of osteoblast

precursors.

1.2. Bone

Bone is a multifunctional organ, playing important mechanical and metabolic roles.
Bone is a dynamic tissue; it is constantly renewed through a prose called remodelling,
which involves bone resorption by specialised cells called osteoclasts, followed by new
bone formation by osteoblasts. In addition to osteoblasts and osteoclasts, bone also
contains various other cells, including reematopoietic stem cells, MSCs osteocytes,
lining cells, and adipocytes(Contador et al, 2015); these cells communicate with and
influence each other(Datta et al, 2008). Osteoblasts and adipocytes originate from the

same precursors, theMSCs

1.2.1. Functions of bone

Bone plays several important mechanical roles:as a skeletonit is essential for
locomotion, providing structure and support for the body and enabling mobility. It also
provides protection for important organs such as the brain, protected by the skull, and
the heat, protected by the ribcage. Bone is composed of two types of bone tissues:
cortical bone and trabecular bone. Cortical bone is compact and forms the outside part
of bones. Trabecular bone forms the internal part of bones, is less dense than cortical
bone,and frequently containsmyeloid tissue,where haematopoiesis occurgPorter and
Calvi, 2008)

Bone also plays important metabolic roles. Bone functions as a mineral store arsda
vital player of the calciumphosphate homeostasis, storing these two minats and

releasing them in the circulation during the process of bone resorption. Bone stores
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lipids via the bone marrow adipocytes. There are multiple regulatory links between
bone and energy metabolism bone metabolism is both a target and a regulator of
energy metabolism via direct and indirect mechanisms, hormones acting systemically
and/or cytokines acting locally. Osteoblasts, via secreted undercarboxylated
I OOAT AAT AET h EIT A« Aploldekatio) AnsulinOskdke@df, Aandr insulin
sensitivity (Hauschka et al, 1989; Leeet al, 2007; Ferron et al, 2008; Brennan
Speranza and Conigrave, 20150steoblasts also possess insulin receptors, and insulin
signalling is necessary for osteoblasts, directly stimulating cell proliferation,
differentiation and survival (Ferron et al, 2010; Fulzeleet al, 2010; Clemens and
Karsenty, 2011; Pramojaneet al, 2014). Bone marrow adipocytes, via adipokines such
as leptin and adiponectin, also participate in the regulation of energy metabolism
(Karsenty, 2006; Cawthorn et al, 2014). Another energy metabolisrmregulating
hormone, ghrelin, influences bone homeostasis via direct and indirect mechanisms (see
section1.4.2.7).

1.2.2. Bone remodelling

Bone remodelling allows for repairing microdamage, healing fractures, anagulating
calcium-phosphorus homeostasis. Bone remodelling involves bone resorption by
osteoclasts followed by new bone formation by osteoblasts (see figure 1.1); these two
processes are tightly coupled and balance(Delhanty et al, 2014a). Bone remodeling

is achieved by the cooperative and sequential work of several bone cell types, including
osteoblasts, osteocytes, bone lining cells and osteoclasts, which are organised in
specialised units called bone multicellular units (BMUs}jZhou et al., 2010) Gsteoblast
and osteoclast differentiation and functions are regulated by multiple factors including
cytokines acting locally, hormones acting systemically, neurotransmitters, and
mechanical stimuli (Harada and Rodan, 2003; Teitelbaum and Ross, 2003; ldu d.,
2017).

Osteaoblasts play a central role in forming and maintaining skeletal architecture: they
are responsible for bone formation through the secretion of the organic components of
bone matrix in the form of a complex mixture of bone matrix proteins, ab called
osteoid; they also regulate the differentiation and function of osteoclasts. Osteoblasts
are located on bone surfaces, usually in a single layéMarks and Odgren, 2002;
Mackie, 2003)

Osteoblasts are derived fromMSCs also called skeletal stencells (SSCs)or bone

marrow stromal cells (BMSCs), which can be found in the bone marrow stroma and
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periosteum (Harada and Rodan, 2003) MSCs are capable of differentiating into
multiple lineages, including osteoblasts and adipocytes. The osteogenic diffatiation

of MSCs and osteoblasts are tightly regulated by a number of transcription factors,
growth factors and hormones(Aubin and Triffitt, n.d.; Wanget al,, 2016; van de Peppel

et al, 2017), such as parathyroid hormone (PTH), oestrogens, transforngngrowth

factorf j 4'Q% AiTA 71 OPEI CAT AGEA DOI (kEdtd, j " - 00¢
2000; Gimble, 2011; Delhantyet al, 2014a; Pramojaneeet al, 2014). Some of these
factors, suchas TGF AT A "-00h AOA OAAOAOAAdiAbbne OOAT Al

matrix; they are released during osteoclastic resorptiorfMackie, 2003)

Between 60 and 80% of osteoblasts recruited to a resorption pit die by apoptosis
within 200 days (Jilka et al, 1999, 2007; Manolagas and Parfitt, 2010)some of the
osteoblasts become quiescent bondining cells, which cover inactive, norremodelling
bone surfaces and communicate with each other via gap junctions. They are
responsible for immediate release of calcium from the bonand most likely participate

in bone remodeling (Miller et al, 1989). Bone lining cells prevent the direct interaction
between osteoclasts and bone matrix on nenemodelling bone surfaces, where bone
resorption should not occur (Florencio-Silva et al, 2015). Bone lining cells also
constitute a mgor source of osteoblasts in adults(Matic et al, 2016); they can be
induced to proliferate and differentiate into osteogenic cells, and participate in bone

remodelling.

The remaining osteoblasts become surrounded with bone and differentiate into
osteocytes, which progressively stop secreting osteoid. Osteocytes represent
approximately 90% of the cells in bone(Manolagas and Parfitt, 2010) They are not
isolated cells; they are located in lacunae and form a network throughout mineralised
bone matrix, comnunicating with each other via gap junctions and canaliculi
throughout bone. Osteocytes can also communicate with osteoblasts on the bone
surface (Marks and Odgren, 2002; Mackie, 2003)participating in regulation of bone
remodelling (Komori, 2013). They paticipate in mechanosensation and paracrine
signalling to regulate bone remodelling in response to mechanical strain and fatigue
damage(Marotti, 2000; Zhaoet al,, 2002; Hanet al,, 2004), in particular via K* channels
(Guet al, 2001a).
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Hematopoietic Mesenchymal
stem cells stem cells

Pre-osteoclasts Pre-osteoblasts
0 ‘

BONE RESORPTION BONE FORMATION
Bone

Osteoblasts lining cell

Osteoclasts ~ Monocytes

Osteoid

0ld bone

Figure 1.1: Cellular activities supporting bone remodelling

Bone is resorbed by osteoclasts, which result from the fusion of several mononuclear precursors
originating from haematopoietic stem cells. Osteoclastare large, multinucleated cells thaform
resorption pits in the bone matrix by secreting acids and enzymes that degrade the baiiBdair

et al, 2005; Lampiasiet al, 2016). After resorbing bone, osteoclasts undergo apoptosighen,
osteoblasts which originate from MSCs produce new osteoid matrix and promote
mineralisation. 60-80% of the osteoblasts recruited to a resorption pit die by apoptosi§lilka et
al., 1999, 2007; Manolagas and Parfitt, 2010)thers become small, quiescenining cells; and
the remaining osteoblasts become surrounded with bone and fierentiate into osteocytes.

Adaptedfrom (Lian et al, 2012).

In healthy adults, bone resorption and bone formation are welbalanced; however,
with aging and other risk factors such as glucocorticoid therapy, these two processes
become unbalanced, leadg to bone loss and increasing the risk of developing

osteoporosis (see section 1.3.1).
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1.2.3. Bone marrow adipose tissue

In addition to bone resorbing and bone forming cells, bone contains adipocytes. Like
osteoblasts, adipocytes originate fromMSCs Bone marrav adipogenesis is both a
physiological and pathological process; it occurs throughout theentire life of all
mammals (Rosenet al, 2009; Hardouinet al, 2016). Around the time of birth, bone
cavities mainly contain active laematopoietic cells in the marow; but in adults, human
bone marrow adipose tissue (BMAT) represents between 50% and 70% of total bone
marrow volume and 5% of totalbody fat mass(Hardouin et al, 2016). Bone marrow
adipogenesis accelerates during aging, especially after menopause foromen.
Similarly, in rodents, BMAT is present in adults (LeckaCzernik, 2012; Wanget al,
2013) and increases with agindgPittenger et al,, 1999; SadieVan Gijseret al, 2013).

Adipose tissue functions as an energy store and a secretory organ; adipocytesn
secrete various adipokines such as leptin and adiponectin, but also free fatty acids and
inflammatory cytokines (Hardouin et al, 2016). These molecules participate in the
regulation of energy metabolism and inflammation(Hardouin et al, 2016). Until
recently, the functions of BMAT were unknown; it has been the focus of several studies
ET OEA OAAAT O UAAOO8 )1 EOIi AT Oh "-14 EAO 1
filling the void left by bone during aging(Rosenet al, 2009). However,bone marow
adipocytes are now known to play an important role in fatone interactions, by
secreting paracrine and autocrine factorgRosenet al, 2009; Cawthornet al, 2014;
Suchackiet al, 2016) that may interfere with haematopoiesis and bone remodelling
(Care et al, 2004). Bone is both a target and a regulator of energy metabolism; leptin
and adiponectin can modulate bone mass via direct and indirect mechanisrfhistesen

et al, 2001; Vermaet al, 2002). BMAT seems to be an important factor of bone
alterations (Hardouin et al, 2016), and increased BMAT is associated witBMDloss in
aging, menopause, and with several chronic conditions, including diabetes, anorexia
nervosa and osteoporosidCawthorn et al, 2014; Hardouinet al, 2016). The secretory
role of adipocytes in regulation of haematopoiesis may also be involved in the
pathophysiology of myeloma(Reaganet al, 2015) and bone metastasegHardaway et
al., 2014; Morris and Edwards, 2016)

In mice, the functions of BMAT are less clear. Some studiaglicate that marrow
adipocytes may be metabolically inert(Duque, 2007), suggesting that MSCsmay
AEEZEAOAT OEAOA ET O AAEDI AUOAOG OAU AAEAOI Odh
cell types, in particular osteoblasts; this suggests that in mice, BM functions as a
OFEI 1 ET ¢co OE 00O A 8deriohstradtethht@m thel céhtalyCbor@ &éiravie A O
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adipocytes are metabolically active and can induce differentiation of more MSCs into
adipocytes(LeckaCzernik et al,, 2002), preventing them to differentiate into other cell

types, especially osteoblasts. This is supported by studies that have demonstrated that
OEA AAEDPI CATEA OOAT OAOCEDPOEI T MEAAOIT O 00! 2r
section 1.3.2). Also, in mice under caloric restrictionBMAT significantly contributes to

serum adiponectin levels(Cawthorn et al,, 2014).

1.2.4. Mesenchymal stem cells
1.2.4.1. Definition

MSCsare a group of fibroblastlike stem cells located in the norhematopoietic
compartment of the bone marrow. These cells have the patgal to replace or restore
the function of damaged tissues; they can differentiate into various lineages and can
incorporate into a variety of tissues, including bone, cartilage, muscle and lu@enget
al., 2007; Kassemet al, 2008). Under appropriate conditions in vitro, MSCs can
differentiate into various mesoderm cell types, including osteoblasts, adipocytes,
chondrocytes, hepatocytes, cardiomyocytes, and neuronal ce(Rittenger et al, 1999;
Biancoet al, 2001; Abdallahet al, 2005; Denget al, 2007), making MSCs a promising

cell source for tissue engineering and regenerative medicine.

1.2.4.2. Osteogenesis and adipogenesis

Osteogenesis and adipogenesis are both tightly regulated processes, controlled by
lineage-specific transcription factors that can nduce MSC differentiation. MSC
differentiation is also controlled by a variety of growth factors, hormones, extracellular
matrix components and mechanical stimuli(Steward and Kelly, 2015; Wanget al,
2016)8 ' AT AOGEA -AAOK OIOT EAIDDAIT ove Bebrb BédAA Behtlly E A

several osteogenic and adipogenic transcription factors and signalling pathways.

1.2.4.2.1. Osteogenic differentiation of BMSCs

Osteogenesis is a tightly regulated process that is characterised by a sequence of
events: the commitment of osteprogenitors cells, differentiation into pre-osteoblasts
and differentiation into mature osteoblasts whose function is to synthesise bone matrix
that becomes progressively mineralised. These steps are controlled by several
transcription factors such as run-related transcription factor 2 (Runx2, also named
Osf2/Cbfal) (Marie, 2008). Other ranscription factors, such as 08 A O Ezgldénin and

ATF4, act downstream of Runx2 and play an important role in osteoblastogenesis.
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Runx2 is the major transcription factor controlling osteoblast commitment and
differentiation; it is both necessary and sufficient for MSC differentiationinto
osteoblasts (Marie, 2008). Runx2 activates gene expression by binding to the Runx
consensus sequence (PUACCPUCA), also hamed osteoblast specific eleh@DEE?2), in
the promoters of osteoblastspecific genes such as osteocalcin, type | collagen,
osteopontin, and bone sialoprotein (Marie, 2008). Overexpression of Runx2 in non
osteoblastic cells éuch as observed ilMC3T3EL calvarial cells) or in adiposeissue-
derived MSCs &s in AD-MSCs)stimulates osteoblastic differentiation, increasing the
expresson of osteocalcin, bone sialoprotein and type | collagen; overexpression of
Runx2 also promotes mineralisation(Ducy et al, 1997; Ottoet al, 1997; Zhanget al.,
2006). On the contrary, deletion of Runx2 inhibits the differentiation of MSCs into
osteoblasts (Ducy et al, 1997; Komoriet al, 1997). Komori et al. (1997) have shown
that homozygous Runx2 mutant mice die just after birth, and completely lack mature
osteoblasts and mineralised bone. Osterix is another important osteogenic
transcription factor specifically expressed by osteoblasts in all developing bones
required for osteoblast differentiation and bone formation (Nakashima et al, 2002;
Zhou et al, 2010). In Osxnull mice, mesenchymal cells cannot differentiate into mature
osteoblasts and canot deposit bone matrix, even though Runx2 is expressed.
Interestingly, Runx2 null mice do not express Osterix, indicating that this transcription

factor acts downstream of RunxZNakashimaet al, 2002).

1.2.4.2.2. Adipogenic differentiation of BMSCs

Like osteogensais, adipogenesis is a tightly regulated process, occurring in multiple
steps. BMSCs first have to commit to the adipogenic cell lineage by differentiating into
preadipocytes, then terminally differentiate into mature, functional adipocytes. In mice,
there is an additional step, the clonal expansion of preadipocytes which divide once or
twice (Rosen and MacDougald, 2006)followed by withdrawal from cell cycle and
terminal differentiation (Ali et al, 2013). In humans, preadipocytes do not divide

before terminal differentiation (Rosen and MacDougald, 2006)

Adipogenesis is regulated by multiple transcription factors in sequential activation; the
CCAAT/enhancefAET AET C DOT OAET O #T%" O0rh #T%" 07 Al /
proliferator - AAOEOAOAA OAAABPBY @ central jrdeld in 2adipogenic
differentiation. At the first stage of adipogenesis, extracellular signals induce the
AGPDOAOGCOETT T &£ #7%"01r AT A #T%" 07 EI DOAAAEDI
OEAT DOii 1T O0A OEA A@DOAOOEdN bre dorBideded tode theAT A # 7¥
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i AOOAO OOAT OAOEDPOET T AT OAcOI AOGT OO0 T £ AAEDI ¢/
feedback loop, increasing and maintaining their expression, and promoting terminal
differentiation by activating genes that are required for thewithdrawal of adipocytes

from the cell cycle, and for the function and maintenance of mature adipocytes

(Gregoire, 2001; Aliet al,, 2013).

There is a complex relationship between bone and adipose tissue; adipocytes secrete

various molecules that regulatebone metabolism and skeletal homeostasisvarious

bone disorders are associated with altered bone formation, including osteoporosis,
0OACAOG60O AEOAAOA 1T &£ AITTA AT A 1 OOAT AOOEOEOQEO
precursors, the BMSCs is also often akered in various bone disorders, particularly
osteoporosis(Bianco et al, 2008); increased adipogenic differentiation of BMSCs at the

expense of osteoblastogenesis has been associated with osteopordsisioet al, 2014,

Grecoet al, 2015).

1.3. Osteoporosis

1.3.1. Definition of osteoporosis

Osteoporosis is a major public health problem; it is a common metabolic bone disease
characterised by excessive bone resorption and increased bone fragility that result
from increased osteoclastogenesis and increased marrow adigenesis at the expense
of osteoblastogenesis(Bethel et al, 2013). Fragility fractures represent the main
clinical consequence of osteoporosis and are associated with pain, suffering, disability
and can even lead to death for the affected patients due tmmplications. This silent
disease has no symptom until fragility fracture occurs. Osteoporosis affects one in three
women and one in five men after 50 years of age; more than 3 million people in the
United Kingdom are estimated to have osteoporosis. Therare more than 500,000
fractures every year associated with osteoporosigNational Osteoporosis Society,
2018). In 2010, a study estimated that approximately 536,000 fragility fractures
occurred in the UK, and the economic cost of incident and previous gidity fractures
was estimated at £ 3,497 million for the same year. Up to 20% of patients with
osteoporosis die after hip fractures, and 40% can no longer live independently
(Manolagas, 2000) As the population ages, it was estimated that in 2025, thereilikbe
approximately 682,000 fragility fractures, and the cost will represent £ 5,465 million
(Svedbomet al, 2013). There are several subtypes of osteoporosi€lunie and Keen,
2014; Morimoto et al, 2017)(see table 1.1).
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Subtype Causes
Type | (postmenopausal Loss of oestrogen, increased bone
Primary osteoporosis) resorption

osteoporosis Type Il (senile _
Unbalanced bone remodelling

osteoporosis)
Other conditions (hormonal
Secondary imbalance, hyperparathyroidism,
osteoporosis diabetes  mellitus), iatrogenic

(glucocorticoid therapy), idiopathic

Table 1.1 Subtypes of osteoporosis

Type Il osteoporosis generally occurs after the age of 70 and affects women twice as frequently
as men(Marchigiano, 1997; Bartl and Bartl, 2017)

Osteoblasts, ostedasts and bone marrow adipocytes are directly involved in the
pathophysiology of osteoporosis. The differentiation and functions of these cells is
affected by several factors, such as aging, sex, or glucocorticoid therapy. Age and female
sex increase the isk of developing both obesity and types | and Il osteoporosis; several
epidemiologic and clinical studies have shown that a high level of fat mass might be a
risk factor for osteoporosis and fragility factures(Zhao et al, 2008; Kimet al, 2010;
Compstm et al, 2014; Greccet al, 2015). Aging is associated with decreased osteoblast
numbers and activity, increased osteoclast differentiation and increased bone marrow
adiposity in humans(Hardouin et al, 2016) and rodents (Pittenger et al, 1999; Sadie

Van Gijsenet al, 2013). MSCsdifferentiation has been shown to be agelependent.
Many in vitro, in vivo and clinical studies have shown that bone marrow adipocytes can
directly modulate osteoblastogenesis and osteoclastogenesis through the release of
paracrine factors (Hardouin et al, 2016), especially the two adipokines leptin and
adiponectin, which can modulate bone mass through direct and indirect mechanisms
(Gimble, 2011; Kawaiet al, 2012; Naot and Cornish, 2014)In female patients, the
expression] AOAT O 1T &£ OEA AAEDPI CATEA [ AOEAO 00! 2
expression levels of the osteogenic marker Runx2 decrease. However, this effect is not

observed in male patientgJianget al, 2008).
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Glucocorticoid-induced osteoporosis is the most commwn form of secondary
osteoporosis (Briot and Roux, 2015) Glucocorticoids, which are corticosteroid drugs
that are widely used to treat diseases such as rheumatoid arthritis, lupus
erythematosus, asthma and lung disorderg¢Schatz and Hamilos, 1995; Goldsie et al,
1999; Toogood, 2004) are associated with rapid bone loss and increased risk of
fractures (Briot and Roux, 2015) This is due to several factors: the underlying
inflammation treated by glucocorticoids plays a role in bone fragilityStaaet al, 2006;
Roux, 2011; Briot and Roux, 20135) glucocorticoids inhibit bone formation and
accelerate bone resorption, leading to bone loss and decreasB#D rapidly after the
beginning of therapy; and bone quality is also altered, making the bones more fragile.
Some 10% of bone mass can be lost in the first year of glucocorticoid therapy
(Morimoto et al, 2017).

1.3.2. Osteoporosis: obesity of the bone?

As osteoblasts and adipocytes originate from the same MSCepursors, it has been
hypothesized that an unbalanced adbogenesis at the expense of osteoblastogenesis

could be involved in the pathophysiology of bone disorders, especially osteoporosis

(Grecoet al, 20158 4 EEO OEAIT OU EO ETi x1 AO OEA OEAOD
supported by experimental and clinicalstudies. Increased bone marrow adipogenesis is

associated with several types of osteoporosis, particularly the forms associated with

aging, menopause, or glucocorticoid treatmenfMoerman et al, 2004; Hardouinet al,

2016).

MSCs derived fromosteoporotic patients differentiate preferentially into adipocytes,
instead of osteoblasts (Nuttall and Gimble, 2004; Rosen and Bouxsein, 2006; Rodriguez
et al, 2008). Similarly in mice with glucocorticoidinduced osteoporosis, BMSCs
preferentially differentiate int o adipocytes; this may be due to alterations of epigenetic
markers in the promoter of regulatory genes such as PPARZych et al, 2013; Zhanget

al., 2015).

MSC differentiation is regulated by a variety of factors in the cell microenvironment,
leading to the activation of signalling cascades that generally converge on two key
OOAT OAOEDPOEIT 1T /&AA Oésd ad Runx fo? asteothsOgeredisE ManyC A 1
studies have demonstrated that factors that induce adipogenesis inhibit
osteoblastogenesigBeresford et al, 1992; Dorheimet al, 1993; Muruganandanet al,

2009) and vice versa(Gimble et al, 1995; Honget al., 2005). Also, some signalling

pathways are involved in regulation of both differentiation lineages, including Wnt
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signalling (Hofmann, 2000; Willert et al,, 2003; Leclercet al, 2008; Piterset al, 2008;

Colaianni, 2014; Jinget al, 2015; Yuanet al, 2015), chemerin/CMKLR1 signalling
(Muruganandan et al, 2010, 2011), ERK1/2signalling (Li et al, 2016a) and Aktl

(Kawamura et al, 2007). Typically, increased expression of one of the key regulators of
AARAEDT CAT AGEO AT A 1 O0OAT Al AOGOT ¢cAT AGEOGh 00! 27
decreased expression of the othefJames, 2013) Furthermore, studies in animal

models have shown that upregulated PP2 r AAOEOEOU 1 AA O1T AiITA
marrow adiposity (Rzonca et al, 2004; Sottile et al, 2004). On the contrary,

AT x1T OAcOI AGAA 00! 2r AAOEOE @WUvivbchithre @ IMSCAT T A | /
AROEOAA EOT I OFE-Aicdshdwa ddedeade obtbel n@ntber of adipocytes

and an increase of the number of osteoblas{®\kune et al, 2004; Coclet al,, 2004). Liu

et al.(2010) co-cultured primary fat cells or differentiated adipocytes with osteoblastic

cells, and observed a decrease in two osiblastic markers, Runx2 expression and

alkaline phosphatase (ALP) activity. This was accompanied by an increase in two

AAREDT AUOEA | AOEAOOh 00! 2r A@DPOAOGOEIT AT A AAE
that adipocytes can modulate osteoblast functionshtrough the release of secretory

DOl ABAOO OOAE AO AAEDPI T AAOET h Al A(LOEBtAD 00! 2r
2010). This is consistent with the fact that high circulating levels of adiponectin are

associated with lowBMD, and that treatment d bone MSCs with adiponectin inhibits

osteogenesis in favour of adipogenesi@bbott et al, 2015).

Increased marrow adiposityis alsoassociated with accelerated bone resorption. Some

studies have shown that adipocytes may play a role in promoting osteadit formation

(Benayahu et al, 1994; Kelly et al, 1998, p.2; Sakaguchét al, 2000). This may be

mediated, at least in part, by RAKL. RANKL expression is induced during

AAEDPI CAT AGEOh OEOI OGE OEA AAOEIT T &£ OEA AAESB
#T %" 018 4EA 1 Opodtibedpreddifiocyes increases in bone marrow with

aging, suggesting that increased marrow adipogess could influence
osteoclastogenesis, accelerating bone resorption, and thus contributing to osteoporosis
(Takeshitaet al, 2014).

Inter-conversion of osteoblasts into adipocytes has been demonstratdd vitro and
may occurin vivo. Single cell MS@erived clones can be induced to differentiate into
adipocytes, then dedifferentiate and re-differentiate into osteoblastsin vitro (Kim et
al., 2004). Mature adipocytes can be induced to transdifferentiate into osteoblastic cells
under appropriate culture conditions (Justesenet al, 2004) and inversely, mature

osteoblasts can be induced to transdifferentiate into adipocytes (Nuttakt al, 1998).
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7F2 cells, which were isolated p53 mouse bone marrow taken from the femur, are
preosteoblast cells that can b induced to transdifferentiate into adipocytes (Thompson
et al, 1998). There is a correlation between the osteoadipogenic trandifferentiation of
bone marrow cells and some bone metabolism diseases (Boskey and Coleman, 2010).

However, the fat theory for csteoporosis remains controversial. For example, thi vivo
origin of bone-producing osteoblasts is not fully definedMatic et al,, 2016); quiescent
lining cells may be an important source of osteoblasten adults. In addition, some
histomorphometric studies demonstrate that bone mass and adipose tissue mass in the
bone marrow canchange in the same directionsuggesting that bone formation and
adipocyte formation may be regulated independently (Tornviget al, 2001).

1.3.1. Treatments for osteoporosis

The current treatments include both pharmacological and norpharmacological
management; the latter includeweight-bearing and musclestrengthening exercises, as
well as dietary and lifestyle changes to reduce risk factorgHenney, 2008; Anet al,
2016; Wanget al, 2016) (see table 1.2).Exposure to sinlight is the main source of
vitamin D, but supplementation may be necessargHolick, 2009; Tella and Gallagher,
2014). Calcium supplementation is also often needed, as aging is associated with a
negative calcium balace (Tella and Gallagher, 2014) Various pharmacological
treatments are available.However, there is still need for new therapies, ashese
treatments can be costly, take a long time to be effective, and have adverse secondary
effects. Biphosphonates for xample may suppress bone turnover and lead to
osteonecrosis of the mandible(Wang et al, 2016). Also, HRT is not generally used
because of its adverse effectsyhich include increased risks of breast cancer, strokes,
and cardiovascular disease(National Osteoporosis Society, 2018) As osteoporosis
results from imbalanced bone remodelling and is associated with increased marrow
adipogenesis, new treatments that increase the number of osteoblasts and decrease the
number of adipocytes may provide a cure for steoporosis (Wang et al, 2016). Getting

a better understanding of pathological adipogenesis in bone marrow will help develop

new treatments in the long term.
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Medication Effect

Biphosphonates (Briot and Roux, 2015) Inhibit resorption

_ _ Stimulates osteoblast proliferation and
Teriparatide (Roux, 2010) _ o
mineralisation

Denusomab (Roux, 2010) Targets RANKL, inhibits resorption

Hormone Replacement Therapy (HRT Compensates loss of oestrogen, inhibit
(Rossouwet al, 2002) resorption

Selective estrogen receptor modulators

(SERMS): raloxifene(Yogui et al, 2018;

Zhanget al, 2018)

Mimicks estrogen actions, inhibits

resorption

Table 12: Various types of therapies against osteoporosis

The available treatments mainly target the symptoms and compkations of osteoporosis,

promoting bone formation and mineralisation, and inhibiting bone resorption.

1.4. Ghrelin

1.4.1. Ghrelin signalling: an overview
1.4.1.1. Ghrelin

Ghrelin is a 28 amineacid peptide hormone mainly secreted in the stomach, by the
oxyntic glands of the gatric fundus (Kojima et al, 1999). Ghrelin was discovered in
1999 as the endogenous ligand for growth hormone secretagogue receptor (GHSR) la
and it stimulates GH release from the anterior pituitary gland (Muller et al, 2015).
Ghrelin also regulates foodintake, body weight, adiposity, and glucose metabolism,
AAOCGET ¢ AO A OEOI CAO6 EIOITTAR OECIAITEIC CI
nervous system (CNS) to adjust food intake and energy expenditur@hrelin secretion

is influenced by the metabolic tatus (figure 1.2), and is regulated by many factors,
including nutrients and other peptide hormones such as insulin and leptin (Delporte,
2013; Miuller et al., 2015; Sato et al., 2015)Ghrelin needs to be modified
postranslationally to bind and activate he GHSR1a receptor; it is acylated by ghrel®
acyltransferase (GOAT).Ghrelin, the GHSR and GOAT are highly conserved in
vertebrates (Kojima and Kangawa, 2005; Gutierrezt al, 2008). Ghrelin also plays

direct roles in peripheral organs including boneand adipose tissue.
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Secretion

— Increased by low energy state
* Fasting/pre-prandial increase in plasma levels
— Decreased by high energy state
* On refeeding/post-prandial decrease in plasma levels
» Chronic intake of high-calorie diets
— Decreased in obesity, untreated hyperthyroidism, male hypogonadism, polycystic ovary
syndrome, Helicobacter pylori-induced gastritis
— Increased in anorexia nervosa

Circulatinglevels of

ghrelin
Degradationrates Clearance rates
— Hydrolysis by plasma proteases — Capture by its receptorand excretion
— Conversion of acylated ghrelininto in theurine
unacylated ghrelin by esterases — Transportacross blood-brainbarrier

Figure 1.2: Parameters that influence circulating levels of ghrelin

Levels of circulating ghrelin depend on secretion, ddegradatin rates and clearance rates. Ghrelin
is secreted mainly by X/Alike cells in the stomach; secretion isegulated by energy state. Once
released in the bloodstream, acylated ghrelin can be converted into unacylated ghrelin by
esterases, and ghrelin can also be degreaded by proteasésllowing infusion, acylated ghrelin
has a mean haHife of 9-11 minutes, whereas total ghrelin (acylated and unacylated) has a mean
half-life of 35 minutes (Delporte, 2013). In mice, transport of both human and mouse ghrelin has
been shown to be bidirectional; unacylated ghrelin transport rate is higher than that of acylated
ghrelin (Banks et al., 2002; Rhea et al., 2018).

1.4.1.2. Growth Hormone Secretagogue Receptor (GHSR)

The discovery of the ghrelin receptor began with studies of growth hormone
secretagogues(GHSs) which are small synthetic peptide and nonpeptide compounds
that can stimulate the release ofGHfrom the pituitary (Kojima et al, 1999; Davenport

et al, 2005; Kaiyaet al, 2013). Some of these GHSs also stimulate appetite in mammals
(Kaiya et al, 2013). In 1996, GHSs were found to bind a-@otein coupled receptor
(GPCR)that was named the growth hormone secretagogue receptor (GHSRJoward

et al, 1996); it has been foundin both human and swine pituitary and hypothalamus.
The GHSR is a rhodopsitike GPCRwith seven transmembrane domains, belonging to
Family A (Davenport et al, 2005). It is well conserved among vertebrates, including

mammals, birds, and fisHKojima and Kangawa, 2005)
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The Ghsrgene contains two exons and one introfMcKeeet al, 1997; Petersenret al,
2001); the first exon encodes transmembraa domains 1 to 5, and the second exon
encodes transmembrane domains 6 and {Kojima and Kangawa, 2005) The promoter
region of the gene contains no typical TATA, GC or CAAT boxes, but contains putative
binding sites for several transcription factors, incluling part of an oestrogen response
element (Iguchi et al, 1999). Consistent with this, several studies have shown that
GHSR gene expression can be upregulated by thyroid hormong&megaiet al, 2001;
Petersennet al, 2001) and oestrogens(Petersennet al., 2001). GHSR gene expression
is also regulated by glucocorticoids: it was demonstrated to be inhibited by 10M
hydrocortisone in rat pituitary cells (Petersenn et al, 2001), but stimulated by
dexamethasone in pituitary gland of rats treated with 200ug dexamethasone per day
for 8 days(Tamura et al, 2000).

In humans, swine and rats, there are two known mRNA isoforms for this receptor,
GHSR1a and GHSR1b. Translation of the GHSR1a isoform produces the biologically
active receptor that can be activatd by acylated ghrelin; it arises from regular splicing

of the gene which removes the intron GHSR1a consists of 366 amino acidlshumans
(Petersennet al, 2001) and of 364 amino acids in rats(McKeeet al, 1997) and mice

the third transmembrane domainis reportedly involved in ligand-binding (Smith et al,
1999).

GHSR1b arises from alternative splicing in humans and swine; it contains the first exon
and retains the intron, causing a single base translation frameshift and introducing a
stop codon within the intron. This gives rise to a @erminally truncated protein (Kaiya

et al, 2013). The corresponding protein consists of 289 amino aciddetersennet al,
2001), and contains only the first five transmembrane domains plus a unique 24 amino
AAEAS ODAEIT AAA A(leffefy Etal, 2003D GHISR1b is pharmacologically
inactive as no binding of the synthetic GHSs or ghrelin has been demonstrated.
However, it may function to attenuate the activity of GHSR1a by heterodimerising with

it (Callaghan ad Furness, 2014) Although the nain site of ghrelin synthesis isthe
stomach, the GHSR mRNA has been identified in a variety of tissues, including the
stomach, heart, lung, pancreas, intestine, kidney, adipose tissu@g&jima et al, 1999;
Tschopet al, 2000, p.2000; Gualilloet al, 2001; Shutoet al, 2001), the hypothalamus,
the pituitary (Guanet al, 1997), and in the brainstem(Bailey et al, 2000). Some studies
did not detect GHSR mRNA in bone marro¢Guanet al, 1997), but other indicates that
GHSR1a is expressed both at the mMRNA and the protein level in rat adipocytes, and that

its expression increases with ag€éChoiet al, 2003; Kimet al, 2005).
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1.4.1.3.  Ghrelin -O-acyltransferase (GOAT)

In the circulation, ghrelin is present in two forms: acylated gfelin (also named
octanoylated ghrelin or acytghrelin), and unacylated ghrelin (also named desacyl
ghrelin) (figure 1.3). Only a small proportion of circulating ghrelin is acylated; the
majority of circulating ghrelin unacylated (Hosodaet al, 2000a; Dehanty et al, 2012).
Acylated ghrelin is rapidly deacylated in the serum by circulating esterases, without
proteolysis (De Vrieseet al., 2004).

Ghrelin is the only known protein modified with anO-linked octanoyl side group, which

is an 8-carbon fatty add side chain; this modification occurs on its third serine residue
which is conserved in all mammalqgKojima and Kangawa, 2005) This modification is
critical for the role of ghrelin in regulating GH release, food intake, and lipid
metabolism (Li et al, 2016b): acylatedghrelin at nanomolar concentrations can bind
and activate the GHSR1a, while it takes a much higher concentration of unacylated
ghrelin to activate this receptor. As circulating levels of acylated ghrelin and unacylated
ghrelin are comprisad between 0.1 and 0.5 nmol/L, the concentration of unacylated
ghrelin is too low to activate GHSR1gCallaghan and Furness, 2014)Although
unacylated ghrelin cannot bind and activate the GHSR1a in physiological circulating
concentrations, it does have bilmgical activities in multiple tissues such as adipose
tissue, bone, skeletal muscles, heart, and pancreatic tissues; but the receptor(s)
involved in these activities have not yet been identifiedCallaghan and Furness, 2014)
For example, unacylated ghréh, as well as acylated ghrelin, can stimulate lipid
accumulation in rat and human visceral adipocytes and rat bone marrow adipocytes
(Thompsonet al, 2004; Koset al, 2009; Rodriguezt al, 2009)

The enzyme responsible for acylation of ghrelin was iddified by two separate
research groups in 2008(Gutierrez et al, 2008; Yanget al, 2008). Yanget al. (2008)
identified 16 membrane-bound O-acyltransferase (MBOAT) proteins encoded by 11
genes in mice; endocrine cell lines were etansfected with ghrelin and various
MBOAT constructs. Only one member of the MBOAT family was capable of
octanoylating ghrelin (Yang et al, 2008); it was termed ghrelin O-acyltransferase
(GOAT). In the same year, Gutierregt al. (2008) identified GOAT in humans using
genesilencing experiments in human medullary thyroid carcinoma cells (TT cells),
which have been shown to produce acyl ghrelifkanamoto et al, 2011). Candidate
genes were selected depending on several criteria: similarity to known acyltransferase
sequences, estence of human homologues, and unknown gene function. 12 candidate

genes were selected, most of which were orphan MBOATSs. These candidate genes were
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individually silenced by siRNA, silencing of one candidate, MBOAT4, using five distinct
siRNAs, greatly reluced octanoyl ghrelin synthesis, while the knock down of the other
candidate genes had no effect on the amount of octanoyl ghrelin. To confirm that
MBOAT4 encoded the enzyme that acylates ghrelin, Gutierret al. cotransfected
human embryonic kidney (HEK293) cells with both the ghrelin gene and MBOAT4;
72h after transfection, the media from HEK293 contained acyl ghrelin. Genetic
disruption of the GOAT gene in mice led to a complete absence of acylated ghrelin in the
circulation, further confirming that acylation of ghrelin is mediated by GOA{Gutierrez

et al, 2008).

The predicted catalytic residues of mouse GOAT are aspanags-307 and histidine-
338; when either of these residuesis substituted with alanine, GOA is unable to
acylate ghrelin (Yang et al., 2008). GOAT is conserved across vertebrate species] a
amino-acid £quence comparison shows a ~90%imilarity between human, mouse
and rat GOAT,; and a ~60%imilarity between mammalian and zebrafish amino acid
sequences(Gutierrez et al, 2008). When GOAT cDNA from mouse, rat or zebrafish is
co-transfected with human ghrelin in HEK293 cells, ghrelin isacylated (Gutierrez et al,
2008). This is consistent with the fact thaacylation of ghrelin is critical for its function,
and with the fact that theghrelin sequence, and more particularly the active core that
contains the serine 3 residue, is very well conserved in mammals, birds, and fish
(Kojima and Kangawa, 2005; Yangt al, 2008). Also, GOAT was found to be mainly
expressed in the stomach, whichis also the main source of ghrelin, as well as in
peripheral tissues, such as breast, adipose tissue, lungs, muscles, kidneys, or pancreas
(Lim et al, 2011; Delhantyet al, 2012). Thus, although a small proportion of circulating
ghrelin is acylated, lochconcentrations of acylated ghrelin could be higher due to local
acylation by GOAT.
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Figure 13: Posttranslationalmodifications of ghrelin

Ghrelin is mainly synthesised in the stomach, as preproghrelin. Preproghrelin is then processed

to give rise to drelin and obestatin. Adapted from (Romero et al., 2010).
142. ' EOAT ET EO I OAE i1 O0A OEAT A OEOI CAO EI OI 1

There is growing evidence that ghrelin plays a more complicated role than just
regulating GHrelease and energy metabolisnffigure 1.4). The ghrelin re@ptor GHSR is
expressed in a variety of peripheral tissues and organs, including the stomach, heart,
lung, pancreas, intestine, kidney, adipose tissug¥ojima et al, 1999; Tschopet al,
2000; Gualilloet al,, 2001; Shutoet al, 2001), bone marrow adipce tissue(Choi et al,
2003), the arcuate nucleus (Arc) and ventromedial nucleus of the hypothalamus, in the
pituitary (Guan et al, 1997) and in the brainstem (Bailey et al, 2000). It is also
expressed by osteoblasts, both in primary cells and in cdihes, in human, mouse and
rat (Fukushimaet al, 2005; Kimet al, 2005; Maccarinelliet al, 2005). Asthe stomach

is the main source of circulating ghrelin, the wide tissue expression of its receptor
suggests that ghrelin produced in and secreted frorthe stomach may have a variety of

functions in addition to regulating GH secretion and food intake, through endocrine,
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autocrine and/or paracrine signalling. Ghrelin is also expressed in a variety of tissues,
including bone (Nikolopoulos et al, 2010), and the ghrelin transcript can undergo
alternative splicing; a number of isoforms have been identified in humans and mice
(see Chapter 4) The expression pattern of ghrelin and existence of various ghrelin
isoforms further suggest a role for ghrelin in proceses other than GH release and
energy metabolism.Consistent with this, ghrelinhas been shown tglay a role in many
processes such as inflammation, cell proliferation, differentiation and apoptosi{&im et

al., 2005; Maccarinelliet al, 2005; Lianget al., 2012), particularly in bone.

Liver Heart
- 7 glucogenesis -\ blood pressure

Central nervous system - 7 fatty acid synthesis - 7 cardiacoutput
- 7 appetite - 2 triglyceride synthesis
- 7 food intake Reproductive system
- 7 growth hormone T Modulation of

\ . / reproductive functions

Ghrelin
Pancreas Synthesised in the Stomach
Modulation of endocrine [« | stomach | ./ motility

and exocrine secretions . .
- 7 acid secretion

Bone Adiposetissue
- 7 osteoblast proliferation and -7 preadipocyte differentiation
differentiation -\ lipolysis
-\ osteoblastapoptosis - 7 fatmass
- 7 bone mineral density

Figure 14: Main physiological activities of ghrelin

Ghrelin has a variety of functions in addition to stimulating growth hormone secretion and

regulating energy metabolism. Adapted fron{Delporte, 2013).

1.4.2.1. Ghrelin and bone

Several hormones from energy metabolism regulate bone homeostasis, including
leptin, orexin, insulin, insulin-like growth factor 1 (IGF1), adiponectin and ghrelin
(Evanset al, 2011; Delhantyet al, 2014a; Wee and Baldock, 2014; Pizzorno, 2016b; a;
Yue et al, 2016). A large number of in vitro studies have shown that nanomolar
concentrations of ghrelin stimulated proliferation and differentiation of both primary
osteoblastic cells and osteoblastic cell lines across different species, including rats and
humans (Fukushima et al, 2005; Kimet al, 2005; Maccarinelliet al, 2005; Isabelleet
al., 2013). Ghrelin also inhibits apoptosis in osteoblastic cell&im et al, 2005). Costaet
al. (2011) showed that ghrelin had a strong mitogenic effect on human teoblasts, but

that effect was weaker in rat osteoblasts. Both ghrelin and its receptor GHSR1a have
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been detected in rat osteoblast§Fukushima et al, 2005), suggesting that ghrelin has
autocrine/paracrine effects in bone. The effects of ghrelin on osteddists appear to be
mediated by GHSR1gKim et al, 2005; Maccarinelliet al, 2005; Isabelleet al, 2013),
accompanied by increased ALP activity, increased matrix mineralisation, and increased
expression of osteoblastspecific gene, such as osteocalcinCostaet al, 2011 also
showed that ghrelin increased osteoclastic bone resorption in rats, but did not alter

osteoclast differentiation.

Ghrelin may also have biological effects IBMSCsGhrelin has been shown to stimulate
BMSC proliferation in rats (Aldanipour et al, 2018) and rabbits (Ye and Jiang, 2015).
However, the effects of ghrelin on MSC lineage allocation are unclear. In murine embryo
sarcoma cells (C3H10T1/2 cells) cultured with osteogenic differentiation medium,
ghrelin downregulated ALP actvity and osteoblastspecific gene expression, suggesting
that ghrelin inhibited early osteogenic differentiation (Kim et al, 2009).In C3H10T1/2
AAT 1 6 AOI OOOAA xEOE CcOi xOE 1 AAEOIi h CEOAI EI
protein expression and suppressed Runx2 protein expression, suggesting that ghrelin
may stimulate adipogenesis. However, when thse cells were cultured with adipogenic
medium, ghrelin did not promote adipogenic differentiation, as there was no increase
in adipogenic gene expression and lipid content (Kinet al, 2009). On the contrary,
another study has demonstrated that ghrelin promoted osteoblastogenesis in rabbit
MSCs (Ye and Jiang, 2015).

In vivo, ghrelin is also known to modulate osteobilst differentiation and function, both
directly and indirectly via paracrine and endocrine mechanismgNikolopoulos et al,
2010). Some of the effects of ghrelin may be assoadt with increased food intake,
through the regulation of the GHinsulin-like growth factor (IGF) axis(Kim et al.,, 2005),
increased GH secretion and increased body weight stimulating bone formation due to
the additional load. Ghrelin also has Gilhdependert effects on bone homeostasis, as
chronic central administration of ghrelin increases bone mass through a mechanism
independent of appetite regulation(Choi et al, 2013), andintraperitoneal infusion of
ghrelin increases BMD in GHileficient rats (Fukushima et al, 2005). Ghrelin also
improves the repair of calvarial bone defects in rats, promoting the expression of
osteoblastic markers such asALP, osteocalcin, and type | collagefDeng et al, 2008;
Nikolopoulos et al, 2010).

Ghrelin signalling not only regulates osteoblast proliferation and differentiation; it is

also necessary for normal bone formation (Mat al, 2015). GHSRnull mice exhibit a
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low bone mass phenotype, with reduced bone formatigrthis phenotype is attenuated
by restoring the expressimm of GHSR in osteoblastsGirelin directly stimulates
osteoblast differentiation via phosphorylation of cCAMP response elemenbinding
protein (CREB and the expression of RunxZMa et al, 2015). In GHSRand leptin-
deficient mice, ghrelin has dual effectoon osteoclastogenesis, inhibiting osteoclast
progenitors directly but stimulating osteoclastogenesis via a systemic/central pathway;
with aging, the osteoclastogenic effect of ghrelin is attenuated, revealing a protective
effect of ghrelin on bone(van der Velde et al, 2012). Another hormone, orexin, has
been shown to regulate bone homeostasis in mice by peripheral mechanisms via orexin
receptor 1 (OX1R) and ghreh: OX1Rdeficient mice exhibit high bone mass associated
with a differentiation shift from marrow adipocytes to osteoblasts and with higher

ghrelin expression in bone(Wei et al, 2014).

These studies indicate that ghrelinis an important regulator of bone homeostasis and
bone marrow function, via direct and indirect mechanisms, and acting on xaus cell

types including BMSCs, ostdaasts and ostealasts.

1.4.2.2. Ghrelin and adipogenesis

Ghrelin has been shown to affect adiposity through centrally and peripherally mediated
signalling mechanisms(Mdller et al, 2015). Mostin vivo studies show a stimulabry
effect of ghrelin on adiposity. Pharmacological or genetic manipulation of ghrelin
signalling affects adiposity and body weight: central and peripheral administration of
ghrelin increases body weight and fat mass; intravenous and intrhone marrow
infusion of both acylated and desacyl ghrelin increase bone marrow adiposity, although
these effectsmay be mediated by a receptor other than GHSR1@hompson et al,
2004). In addition, suppression ofarcuate GH® expression induces a reduction in fat
pad weight (Shuto et al, 2002); mice lacking ghrelin or ghrelin receptors accumulate
less fat mass than wileétype mice when on a higkfat diet (Wortley et al, 2005; Zigman
et al, 2005). On the contrary other studiesreported that ablation of GHSR had no effec
on body weight and fat mass in male mice fed with standard chow digsunet al, 2004;
Zigmanet al, 2005) or in mice fed with a high fructose corn syrugMa et al, 2013), but
seemed to prevent ageassociated obesity and insulin resistance by regulatg fat
metabolism in white and brown adipose tissuegMa et al, 2013; Muller et al, 2015).
Ghrelin also stimulates the expression of enzymes involved in fatty acid storage and
downregulates genes controlling the ratdimiting step in fat oxidation; theseeffects are

mediated by the sympathetic nervous system and some of them are independent of
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food intake (Theander-Carrillo et al, 2006). Ghrelin also acts centrally to promote
hepatic lipid storage (SangiacAlvarellos et al, 2009), inducing hepatic steapsis and
increasing lipid droplet number and triacylglycerol content in a GHSR1dependent
way (Davieset al, 2009). However, the effect of peripheral ghrelin on adiposity is not

uniform, suggesting tissue and fat depositspecific actions of ghrelin(Wells, 2009).

In vitro, the effects of ghrelin on adipogenesis are less clear. Some studies have shown
that ghrelin directly stimulated the differentiation of rat preadipocytes, increasing the
AZDPOAOOET T InwbitifgOipoBsis (CGhdiét al, 2003). Anotherin vitro study
showed that ghrelin gene products positively regulated adipogenesi&iovambattista

et al, 2007). In contrast, other studies have shown thabverexpression of ghrelin
inhibited adipogenesis. Zhangt al. (2004) established a 3T3L1 preadipocyte cell line
overexpressing ghrelin, and observed that ghrelin significantly attenuated adipocyte
AEEEAOAT OEAGET T h AAAOAAOGET ¢ 00! 2r AamOAOOEI I
thymus, ghrelin and ghrelin receptor expression decreaseuting aging, and genetic
ablation of ghrelin and its receptor leads to loss of thymic epithelial cells, while
stimulating adipogenesis(Youm et al, 2009). Acyhted ghrelin increases thymic size
and cellularity, reflecting an inhibition of adipose/fibrous differentiation while
rejuvenating the epithelial/stromal microenvironment, leading to the expansion of the
T-cell content (Dixit et al, 2007). This indicates a reversal of agdependent fatty
involution (loss of epithelial function and T-cell production) that is associated with

immune senescencgTaub et al, 2010).

While ghrelin increases adiposity when infused in the bone marrow, it is not known
which cell type is affected; ghrelin may promote the adipogenic differentiation of
BMSCs, or the maturation ocells that are already committed to the adipogenic lineage.
Alternatively, ghrelin may induce the transdifferentiation of cells that were already

committed to the osteoblastic lineage.

1.5. lon channels

lon channels are transmembrane proteins that allow therincipal cellular ions (sodium
(Na*), potassium (K), calcium (Cé&*) and chloride (Cl)) to move through the plasma
membrane at different rates by diffusing down their concentratbn gradients. There are
a large number of ion channel subtypes in all celland they are involved in regulating
important cell processes such as proliferationand differentiation, particularly in

osteoblasts and adipocyteslon channels play important roles in bonemetabolism and

may be involved in the mechanisms of pathologicaldipogenesis.
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1.5.1. Potassium channels and membrane potential

Potassium (K) channels in the cytoplasmic membrane are the most diverse class of ion
channels, with over 80 genes identified. They are present in almost all cells, including
both excitable and nonrexcitable cells, in a large number of tissue@Vang et al,, 2008).
K+ channels can be classified into 5 subcategories by function and structure: voltage
gated K channels (K), Ca&+* and Na-activated K- channels (kaand Kya), inward-

rectifier K+ channels(Kr), and 2pore domain K- channels (kp) (figure 1.5).

pUS— ] 4™ family
- A-type K* channels
(rapidly inactivating) |:| 2 T family
- Delayed rectifiers (slowly-
inactivating)

- Modifiers (modulatory

actionson Ky2 channels)
- Eag subfamily (K,10-12.x)

K* channels

- Small conductance (SK
Kir channells family): K-,2.1,2.2, 2.3
= Inward rectifiers - Intermediate conductance

-Kipl1 (IK channels): K;,3.1
- Kjp2.x (strong rectifiers) - Ky, 1.1 (Slo2.2) _ Large conductance (BK
- Kip3.x (G-protein-activated) -Ky,1.2 (Slo2.1) channels): K., 1.1 (Slo1)
-Kipdx -K.,5.1 (Slo3), large
-Kip5.x condutance
- Kjp6.x (ATP-sensitive)

Figure 1.5: K channels subfamilies

Kv channels are widely expressed in the nervous system and other tissues, including Ron
excitable cells and may also regulate cell proliferation, cell migrédn and cell volume in a wide
range of cell types. They display a large diversityas K, channel subunits can form homomeric
and heteromeric channels within each of the K, K2, K3, K4 and K,7 subfamilies. The kp
channels open across the physiologicaVoltage-range and are regulated by chemical and
physical factors, including neurotransmitters, posttranslation modifications, second
messengers, temperature and mechanical stretch. Somepksubunits can form heterodimers
across subfamilies, further increaing the diversity of K- channels. Finally, the inward rectifiers
have diverse physiological functions depending on their type and their location; similarly to
voltage-gated K channels, ks pore-forming subunits can form heteromeric channels within
subfamilies, and are expressed in a wide variety of tissug#libino et al., 2010; Alexander et al.,
2011a, 2017)
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Membrane potential and ion channels are involved in transmitting signals via action
potential in excitable cells such as neurons or myocytes, butdf also play important
roles nonexcitable cells, regulating important processes such as cell proliferation,
apoptosis, differentiation, migration, secretion and metabolisn{Blackiston et al,, 2009;
Capiod, 2011; Adams and Levin, 2013; Levin, 2013; Reseretal,, 2013).

1.5.2. lon channels and bone

Sundelacruzet al. published two papers highlighting the role of membrane potential in
the control of proliferation and differentiation of MSCg(Sundelacruzet al, 2008, 2009)
Working with human MSCs cultured in adipgenic or osteogenic differentiation media,
they showed that MSC differentiation was inhibited by membrane depolarisation via
high extracellular [K*] or ouabain treatment, which blocks the Na/KATPase
transporter. On the contrary, MSC osteogenic differerattion was stimulated by
membrane hyperpolarisation (Sundelacruz et al, 2008). Hyperpolarisation occurred
during both osteogenic and adipogenic differentiation; ion flux and changes in
membrane potential have been associated with the control of proliferatn and
differentiation in various cell types (Binggeli and Weinstein, 1986; Levin, 2007)
Proliferative and relatively immature cells tend to have depolarised membrane
potentials, while terminally differentiated cells tend to have strongly hyperpolarised

membrane potentials.

In bone, membrane potential and ion channels are involved in the regulation of
proliferation and differentiation in various cell types, from BMSCdo differentiated cells
such as osteoblasts, osteoclasts, and adipocytes, in various @ps, including humans,

mice and rats.

There is good evidence that ion channels are involved in regulating the osteogenic and
adipogenic differentiation of MSCs including experiments with electrical stimulation
and electromagnetic fields, and the numerosl electrophysiological studies withMSCs
from human, mice and rats, derived from bone or other tissues. Studies have shown
that the electrical stimulation of adiposederived MSCs enhanced osteogenic
differentiation (Pelto et al, 2013; Bjorninenet al, 2014; Zhanget al, 2016); this effect
appeared to be mediated by voltaggated channels as it was reduced with blockers of
voltage-gated sodium, potassium and chloride channels, and completely nullified with a
voltage-gated calcium channel blocker(Zhang et al., 2016). Mechanical cues also

regulate key processes in MSCs, including proliferation and differentiation, via ion
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channels(Rawlinson et al, 1996; Steward and Kelly, 2015; Chubinskiijadezhdinet al,
2017).

Osteoblasts, osteoblastike cells and MSG express a variety of ion channels which
function in cooperation and regulate many aspects of osteoblast function, including

proliferation, differentiation and mineralisation.

1.5.2.1. Potassium channels and osteoblasts

Osteoblasts, osteoblastike cells and MSCexpress an array of Kchannels, including
voltage-gated K channels of the S4 family with six transmembrane domain.i et al,
2005, 2006), inward rectifier (Yellowley et al, 1998), ATRsensitive K- channels
(Moreau et al, 1997; Henney, 2008) a two-pore domain K- channel (Hughes et al,
2006), and Ca&-activated K- channels of small, intermediate- and large-conductance
(Moreau et al, 1997; Liet al,, 2005, 2006; Denget al,, 2007; Henney, 2008; Hirukawaet
al., 2008; Henneyet al, 2009; Zhanget al, 2014). A number of studies have
demonstrated that K- channels play a central role in the regulation of cell processes
including proliferation, differentiation, mineralisation and secretion. The expression
pattern of some of these K channels may be spdes-specific; for example, the
intermediate-conductance C&-activated channel is highly expressed in mouse and rat
BMSCgDenget al, 2007; Taoet al, 2007), but not in human BMSC¢Heubachet al.,
2004; Li et al, 2005). Also, the expression pattern machange with cell differentiation
and maturation; in smooth muscle cells, cells that are at the proliferative stage express
intermediate-conductance C&-activated K- channels, but when they become mature
smooth muscle cells, these channels are replacedy Barge conductance channels
(Kdhler et al, 2003; Tharpet al,, 2006). Finally, K channel expression and activity also
vary with cell cycle progression(Denget al, 2007).

The human etherd-go-go (hEagl or Kv10.1) and the largeonductance calcium

activated (BK channel or KCal.l) potassium channelputatively regulate the
proliferation, the adipogenic and osteogenic differentiation of human BMSCs, and
osteoblast functions(Zhanget al, 2014). Pharmacological nhibition of either of these

channels, or krockdown with specific shRNA,leads to reduced cell proliferation,
decreasing the expression of the cell cycle regulatory proteins cyclin D1 and cyclin E

and reducing the phosphorylation of ERK1/2 and Akt. Adipogenic differentiation of

human BMSCs culturedwith adipogenic medium is also reduced, as shown by the

I AOAOOGAA AAAOAAOA ET 1 EDPEA AAAOI OI ACETT ATA
hEagl or BK channels also decreas®steogenic differentiation of hBMSCs cultured
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with osteogenic medium, with reduced in vitro mineralisation and osteocalcin

expression(Zhanget al, 2014).

The BK channel is also densely expressed in several human osteoblastic cells, including
primary human osteoblasts and MG63 and Sa&@Shuman osteoblastlike cell lines
(Henney, 208; Henneyet al, 2009; Li, 2012) These studies demonstrated that the BK
channel is involved in regulation of proliferation and mineralisation. MG63 cells also
express several Krp subunits: the poreforming subunits Kir6.1 and Kir6.2, and the
regulatory subunits SUR1 and SURZ2B; pinacidil, which is arKchannel opener, causes

a significant increase in cell number(Henney, 2008) Both BK channel and kKp
channels has been shown to also regulate osteocalcin secretion by MG63 o@llsreau

et al, 1997).

In osteocytes, K channels and voltagedependent calcium channels (VDCCs) were
shown to be involved in paracrine signalling and mechanotransductiorfGu et al,
2001b; a). In osteoblasts, Ca-activated K- channels regulate cell volume (Weskamp
2000) and resting membrane potential: KCa channel activation triggers membrane
hyperpolarisation, balancing the depolarisation associated with [G&]; increases. The
K+ channels hence function as feedback regulators of [€h (Moreau et al, 1996;
Ravesloot et al, 199; Yellowley et al, 1998). In particular, TREK, may be involved in
the mechanotransduction in osteoblasts, controlling bone remodellingHughes et al,
2006). TREK1 is a member of the twepore domain potassium channel family Kzp); it

is sensitive to manbrane stretch, lysophospholipids, free fatty acids, temperature,
intracellular pH, and anaesthetics. TREK, TREK2c and TRAAK expression was
detected in human derived osteoblasts and MG63 cells; these three channels
collectively form the lipid and mechan@ensitive subfamily of mammalianK2P channels
(Patel and Honoré, 2002) Treatment with a TREKL blocker upregulated bone cell
proliferation (Hugheset al, 2006).

In mouse MSCs, intermediateonductance Ca&-activated K+ (IKca or KCa3.1) and
volume-sensitive Ct (Clcn3) channels have been shown to regulate cell proliferation
(Tao et al, 2008); blocking or silencing these channels reduced cell proliferation of
mouse MSCs by 280%, decreasing the expression of cyclin D1 and cyclin E. The large
conductanceCa+*-activated K- channel (BK channel) regulates MC3TF&1 preosteoblast
cell proliferation; BK channel knockout significantly reduces cell number(Hei et al,
2016).
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Rat MSCs express several functional potassium channels, either alone or in
combination: two delayed rectifier channels (Kvl1l.2 and Kv2.1), the BK channel
(KCal.1l), an intermediateconductance Ca&-activated K- channel (KCa3.1) and two
transient K+ channels (Kv1.4 and Kv4.3]Li et al, 2006; Denget al, 2007; Wanget al,
2008). The expressdn of these potassium channels, in particular voltaggated (Kv1.2
and Kv2.1) and calciumactivated potassium channels (KCal.1 and KCa3.1), changed
during cell cycle progression and played an important role in regulating this process.
Membrane potential was shown to hyperpolarise during cell cycle progression, and this
was associated with increased cell size. B& decreased and IK, increased during
progress from G to S phase. This was associated with decreased expression levels of
Kvl.2 and Kv2.1, and ineased expression level of KCa3.1 during the cell cycle
progression (Deng et al, 2007). Pharmacological blockade of the voltaggated
channels (Kv) and C#&-activated channels inhibited proliferation of cultured MSCs by
arresting cell-cycle progression (Deng et al, 2007; Wang et al, 2008), and
downregulation of Kv1.2, Kv2.1 and KCa3.1 with specific RNAi also inhibited cell
proliferation (Deng et al, 2007). Another study showed that the BK channel regulate
rat osteoblast proliferation, differentiation and functions, using ROS17/2.8 osteoblasts:
BK channel knockout significantly decreased cell number, the expression of
osteoblastic markers Runx2, osteocalcin and osteopontin), and the ability to mineralise
(Hei et al, 2016).

1.5.2.2. Potassium channels and adipocyt es

K+ channels also regulate proliferation and adipogenic differentiation in MSCs and
preadipocytes. Voltagegated K channels regulate the adipogenic differentiation of
human BMSCs; blocking Kcurrents with tetraethylammonium (TEA) significantly
reduceslipid droplet formation and the expression of the adipogenic marker aRPYouet
al. (2013) showed that blocking Kv2.1 suppresses adipogenesi§he 3T3L1 mouse
preadipocytes have been shown to express the E€aactivated intermediate
conductance K channel (KCa3.1), an inwardly rectifying potassium (Kir2.1) and the
volume-sensitive chloride channel (Clcn3); KCa3.1 and Clcn3 participate in regulating
cell proliferation (Zhanget al, 2012). Finally, Kxre channels also regulate prolifergion

and differentiation in rat preadipocytes(Wanget al, 2007).
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1.6. Hypothesis, aims and experimental strategies

The principle hypothesis of this thesis is 1) that ghrelin can inhibit adipogenic
transdifferentiation in 7F2 cells, and 2) that potassium channels are involved in

mediating ghrelin signalling in this process

The overarching aim of this thesis was to provide a better understanding of the
mechanisms underlying pathological adipogenesis in bone. In order to do this, this
study investigated the effects of ghrelin on theadipogenic differentiation of osteoblast
like cells, and the role of potassium channels in that process. Indee@gcently, ghrelin
has been shown to play an important role in regulating bone metabolism and adiposity,
particularly in a context of pathologcal adipogenesis. It is also well established that ion
channels, and particularly K channels, are also involvd in regulating bone
metabolism. Pathological adipogenesis is a common feature of several pathologies,
including some forms of osteoporosis. Ostgorosis represents a major health problem,
due to its high financial costs, its consequences on quality of life (reduced mobility,
isolation) and the increased death risk due to serious fractures and associated
complications. While various treatments areavailable, they are not recommended for
every patient, and new treatments are still neeled. Investigating the effects of ghrelin
on the adipogenic transdifferentiation of 7F2 cells osteoblastlike cells, and the role of
ionic mechanisms, particularly K channel, in this process, will provide a better
understanding of pathological adipogenesis mechanisms in bone, which underlies
several forms of osteoporosis, particularly glucocorticoieinduced osteoporosis. This
research may, in the londerm, lead to thedevelopment of drugs that will help prevent
osteoporosis by targeting ghrelinsignalling and ionic mechanismsNumerous studies
have shown that ghrelin stimulates osteoblastogenesis and adipogenesis; what about
the effects of ghrelin on cells that are alr@dy committed to osteoblast lineage, but that
can be induced into adipocytes, such as 7F2 cells? What are the roles ottannels in

this process?
To answer these questionsthe key objectives of this thesis were:

1) to optimise the protocol to differentiate 7F2 cells into adipocytes, to trigger efficient
differentiation while still leaving room to observe a possible stimulatory effect of
ghrelin; 2) to investigate the expression of key genes from ghrelin signallingghrl, Ghsr
and Mboat4) in 7F2 osteoblasic cells and adipocytesand to test the effects of ghrelin

on these 3) to test the effects of ghrelin and potassium channel ligands on 7F2 cell
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adipogenic differentiation; 4) to investigate and compare the electrophysiological
properties of 7F2 cells and7F2 cellderived adipocytes, and to test the effects of ghrelin

on these
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2.1. Cell culture
2.1.1. Routine cell culture

Minimum essential medium alpha (MEM{ @ xEOET 60 OEAT 1T OAl AEA
acids, containirg 2 mM L-glutamine, 1 nM sodium pyruvate and 50 mg/L ascorbic acid
(Life Technologies, ThermoFisher Scientific) was supplemented with 10 % foetal
bovine serum (FBS, Life Technologies, ThermoFisher Scientific). From here on, this will

be referred to as basbmedium.

The 7F2 immortalized murine preosteoblastic cell line wariginally a gift from the
Department of Child Health, School of Medicine, Cardiff Universjtyand used at
passages 12 to 28. Cells were cultured in 25 cm? tissue culture flasks in 4 mishh
medium and incubated at 37°C in 5% COhumidified air. Medium was replaced every
2-3 days.

#1171 £ OAT O AOI OOOAO xAOA DBAOOACAA xAAEI Un
phosphate buffered saline (DPBS; calcium and magnesiumfree, GibcaWV,
ThermoFisher Scientific) and detached with 500 pl of trypsirEDTA (0.25%) solution
(trypsin from porcine pancreas, Gibc®, ThermoFisher Scientific). Cells were
incubated with trypsin at 37°C for up to 5 minutes. When cells were detached, 2.5 ml of
basal medium wee added to stop the trypsinisation and cells were evenly suspended
by gentle repeated pipetting. The suspension was then diluted in 7 mL basal medium

(total volume 10 ml) and split at a 1:10 dilution in new culture flasks.

2.1.2. Adipogenic differentiatio n of 7F2 cells
2.1.2.1. Adipogenic differentiation medium

Dexamethasone and indomethacin were purchased from  Signrsddrich.
Dexamethasone and indomethacin stock solutions were prepared in ethanol at a 1 mM
concentration and at a 25 mM concentration respettely, and stored at-20°C forup to

one year. Basal medium was supplemented with 50 pM indomethacin and 100 nM
dexamethasone (Sima-Aldrich). For here on, this will be referred to as adipogenic
medium. The composition of adipogenic medium was chosen baseaxh the work by
Thompsonet al.(1998); here, MEM; Al OAAAU Adinil sbdkbic Acld, somo A

further supplementation was required.
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2.1.2.2. Adipogenic differentiation for Oil Red O staining assay

7F2 cells were plated into 12well tissue culture plates (Fisher Scientific) at a density of
2500 cells/cm? in adipogenic medium. Cells were incubated as usual for 7 days with
medium replacement every 23 days. Digital photographs were taken daily under a
microscope at 200x magnification to follow the appaition of lipid droplets within the

cells.

A stock solution of 4% paraformaldehyde (PFA) wagrepared by adding 10 gPFA
powder to 250 ml 1x PBS (Gibc®, ThermoFisher Scientific).PFAwas dissolved by
heating the solution to 60°C. The solution was thenlfiered with Whatman paper and
aliquoted to be frozen at-20°C. After 7 days of treatment, 7F2 cells were washed with
DPBS, then fixated with 1 ml of 4% PFAolution per well. After 15 minutes at room
temperature, 4% PFA was removed, the cells were washedite with distilled water

and air dried.

A 60 % Oil Rd O : 40 % distilled water working solution was freshly prepared from a
stock solution (0.25 g in 50 ml isopropanol) and filtered through coarse filter paper.
Cells were stained with the working soluton for 20 minutes at room temperature, then
washed with 60 % isopropanol to remove excess stain and washed three times with
distilled water. Photographswere taken under a microscope taa magnification of 200x.
Oil Red O stain was extracted by adding 100%opropanol to the cells for 30 minutes at
room temperature, and quantified by transferring 100 ul from each well to a 9évell
plate and measuring spectrophotometrically at 490 nm, using 100% isopropanol as
blank.

2.1.2.3. Adipogenic differentiation for RT -PCR analysis

7F2 cells were cultured in 25 cm? flasks with adipogenic medium as described in
section2.1.1 After 7 days of culture, the cells were detached using trypsin as described
previously. The cells were pelleted by centrifuging at 1,400 rpm for Biinutes; then the
medium was removed, the cell pellets were resuspended in 1 ml DPBS and transferred
to 1.5 ml eppendorf tubes. The cells were pelleted again by centrifuging at 1,400 rpm
for 5 minutes, DPBS was removed and the pellets were immediately fierz at-80°C for
future RNA extraction and RTPCR and qPCR analysis.
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2.2. Cell counting

A Reichert BrightLine haemocytometer (SigmaAldrich) and glass coverslip were

cleaned with alcohol before use. The coverslip was moistened with water and fixed to

the PAAT T AUOT T AOBAO8 4EA DPOAOGAT AA T &£ . AxO11

indicated proper adhesion.

7F2 cells were detached as above (see secti@al.l). 50 pl of cell suspension were
mixed with 50 pl of Trypan Blue (SigmaAldrich), staining dead cellsin blue. 8 pl of the
mix was pipetted into each of the haemocytometer counting chambers, allowing the cell
suspension to be drawn out by capillary action. At 100x magnification under a
microscope, focus was made on the grid lines of the haemocytometervé.icells were
counted using a hand tally counter in 4 sets of 16 corner squares for each counting
chamber, including the cells located on the left and top boundary lines, but not those on

the right and bottom boundary lines.

The density of cell suspensionwvas calculated by multiplying the average cell count
from each of the sets of 16 corner squares by 10,000 (90and by multiplying by 2 to

correct for the 1:2 dilution from the Trypan Blue addition.

2.3. Molecular biology

2.3.1. RNA extraction and DNAse treatment

Cells pellets were collected as described above (see secti®ri.2.3). Cell pellets were
thawed on ice and were resuspended in 1 ml Trizol (Invitrogen), pipetting repeatedly
to lyse the cells. After 5 minutes at room temperature, 0.2 ml of cotdhloroform (stored
at 4°C; SigmaAldrich) was added and themicrocentrifuge tubes were vortexed for 10 s,
until the solution became pink. After 3 minutes at room temperature, the cell lysates
were centrifuged at 14,000 rpm for 15 mirutes at 4°C. The aqueasiphase (500 pl) was

collected into new tubes.

500 pl of cold isopropanol (stored at-20°C; SigmaAldrich) were added to each tube.
After 10 minutes at room temperature, the tubes were centrifuged at 14,000 rpm for 30

minutes at 4°C.

The supernatant was emoved. 500 ul of 75% ethanol (stored at20°C) were added to
the tubes, which were then centrifuged at 14,000 rpm for 5 minutes at 4°C. The ethanol
was removed and the pellets were air dried for 8.0 minutes. The pellets were then

resuspended in 22 ul ofUltrapure DNAse/RNAsefree distilled water (InvitrogenT™,
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ThermoFisher). 2 pl were used to measure the RNA concentration with a NanoDrop
2000 Spectrophotometer (Thermo Scientific), using Ultrapure DNAse/RNAskeee
distilled water as blank. The concentrdabn of the remaining 20 pl was then adjusted to

A p ACTAl AT 1T AAT OOAOQETT jprQs

MRNA was treated to remove possible DNA contaminant using the DN&e™ DNA
Removal Kit (Invitrogen™, ThermoFisher Scientific). A mix of 5 pl 10X buffer, 10 pl
MRNA (10 pg),1 pl DNAse and 34 pl Ultrapure DNAse/RNAse distilled water was
prepared, for a total volume of 50 ul. The mix was incubated at 37°C for 30 min, then 5
pul of DNAse Inactive Reagent were added to stop the DNAse; the samples were
vortexed several times for 2minutes at room temperature, then centrifuged at 14,000
rpm for 1.5 minutes. The DNAree mRNA was transferred to a new tube for a final
AT 1TAAT OOAQGEITT 1 & m8¢r jm8¢ ACTAlISX8. 4EA OAI A

2.3.2. Reverse transcription

n8¢r [ 2.1 OAIl bRRADwegelhed ahAcA BEvkrde trascription was
carried out with the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems); compositions and conditions are detailed in table2.1 and 2.2
respectively. For no RT controls, the Multiscribe Reverse Transcriptase was replaced
with 1l of nucleasefree water. The RT was run in a T10® Thermal Cycler (BiaRad).
After the reaction, 80 pl HO were added and cDNAs were stored é20°C.

Components Final concentrations Volumes
10X RT Buffer 1X 5ul
25X dNTP 100 mM 1X 0.8 ul
Multiscribe Reverse Transcriptase 1u
RNA (0.2 pg/ml) 5 ul
Nucleasefree water 3.2l
Total volume 20

Table 2.1: Reverse transcription reaction composition
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Step Temperature °C Time
Step 1 25 10 min
Step 2 37 120 min
Step 3 85 5 min
Step 4 4 Indefinite

Table2.2: Reverse transcription reaction conditions

2.3.3. Polymerase chain reaction (PCR)

Primers were designed from mouse gene sequences using FasterDB (Cancer Research

Center of Lyon, CRCL) and Primer3 as follows: the FasterDB database was $estdor

genetic sequences in the mouse genome; part of mMRNA sequences were selected so that
OEAU AT OAOAA AO 1 AT U OPIEAETC EOI &£ O0i 6 AO
OANOAT AA AT -Be8ed PriEer®iider dedigh software. The software selected

left and right primers for the given sequence without modification of the default

software settings. Primer3suggested primers were checked against the complete

CAT AGEA OANOGAT AA ©Giid ¢ # D& A ORIAICDAOS " AAOAOI E
amplicon sizes especially when primer sequences were in different exons. Primers

were obtained from Eurogentec (seé\ppendix, section 8.%or primer details).

PCR of 50 ul were routinely performed, using Herculase Il Fusion DNA Polymerase PCR
kit (Agilent Technologieg. The PCR reaction composition is detailed in tabl@.3.
Ultrapure DNAse/RNAse distilled water was used as a negative control and three

house-keeping genesHprtl, Eef2and Gapd, were used as positive controls.

Components Final concentrations Volumes
5X Herculase Il Reaction Buffer 1X 10 pl
dNTPs (100 mM; 25 mM each dNTP) 250 pM each dNTP 0.5 ul
Forward primer (10 pM) 0.2 uM 1l
Reverse primer (10 uM) 0.2 yM 1u
Herculase Il Fusion DNA Polymerase 0.25 ul
cDNA 5 ul
Nucleasefree water to 50 ul

Table2.3: PCR reaction composition
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2.3.4. Gel electrophoresis

The PCR amplification products were analysed by gel electrophoresis in 1% agarose
gels. 1 L of 20X Sodium Borate (SB) buffer was prepared using 8 g NaOH (final
concentration: 200 mM), 479 Boric acid, and ddkKO. For small gels, 0.75g of agarose
were added to 75 ml 1X SB buffer; for large gels, 1.5 g of agarose were added to 150 ml
1X SB buffer. The agaroseontaining buffer was warmed in a microwave until the
agarose was dissolved; then¥BR Safe (Invitrogen) was added to stain DNA molecules.
Electrophoresis ran at 200V for 20 mimtes or at 100V for 40 mirutes. Smartladder SF
(Eurogentec) was used as a marker for each gel electrophoresis (Figi4).

Band size ng/band

1000 100
900 90

- 800 80
™~ 700 70
™~ 600 60
500 50

400 40

=~ 300 30
200 20
100 20

Figure 2.1: Smartladder SFODNA ladde

Using a standard loading of 5 pl, the bands correspond to an exact quantity of DNA, from 20 to
100 ng.

2.3.5. Quantitative PCR (qPCR)

gPCR was carried out using RoteGene SYBR Green PCR kit (Qiagen). The reaction
composition and conditions are detailedn tables 2.4 and 2.5 respectively. Reactions of
25 pl were performed; Ultrapure DNAse/RNAsdree distilled water was used as a
negative control and three housekeeping (HK) genes Hprtl, Eef2and Ggpdh were used
as positive controls. Oligonucleotide priners were the same as for RPCR §ee

Appendix, section 8.1 for primer detail3.
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Components Final concentrations Volumes
2x Rotor-Gene SYBR Green

PCR Master Mix X 125U
Forward primer (10 pM) 1uM 25l
Reverse primer (10 uM) 1uM 25 ul
Template cDNA 100 ng 1l
RNasefree water 6.5 pl
Total volume 25 ul

Table2.4: gPCR reaction composition

Step Time Temperature
PCR initial activation step 5 min 95°C
Two-step cycling

Denaturation 5s 95°C
Combined annealing/extension 10s 60°C
Number ofcycles 40

Table2.5: gPCR cycling conditions

For each gPCR assay, there were 3 or 4 replicate samples per condition (experimental

or control), except when stated otherwise. In each gPCR assay, all the replicate samples
were run in duplicates.Data were analysed using theelative Gij Y Y# 0Q (LVRIOET A
and Schmittgen, 2001; Schmittgen and Livak, 2008Ylean CT values of houskeeping

genes Hprtl, Eef2or Gapdh) were substracted from mean CT values of each gene of

ET OAOAOOR O1T 1 AOAET Y#0O OAI1 OAde ForeacAdeAs= CAT A
y# 0 OA1I OAO ET OEA AT1 0011 OOAAOGI AT O j AAOGAT i
I £/ AAAE OOAAOI AT O O 1 AOAET VYY#®) &dndardi 2. ! £

deviation was determined from the replicate samples at each expariental condition.
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2.3.6. Sequencing
2.3.6.1. Gel extraction of PCR products

PCR and gel electrophoresis were carried out as previously described (see sections
2.3.3and 2.3.4respectively). To maximise the amount of extracted PCR product, 56
cycles ofPCR were done, and the PCR products were loaded in 3 wells per sample, to be
combined after excision from the gels. Electrophoresis ran at 100V for 40 mites to
fully separate the bands. A pictureof the gelwas takenunder UV conditions before

extracting the PCR products from the gels.

The PCR products were extracted using the QIlAquick Gel Extraction Kit (Qiagen).
Selected DNA fragments were excised from the agarose gels using a scalpel and a UV
transilluminator. The scalpel was cleaned between each saiepby dipping the blade

into 100% ethanol, then wiping the blade with tissueThe gel slices were weighed in

1.5 ml eppendorf tubes, and 3 volumes of Buffer QG were added to the gel slices (i.e.
300 pl of Buffer QG to each 100 mg of gel). The maximum amowf gel slice was

1 EIl EOCAA O tnm Ii¢c DPAO OAIPIA AO PAO OODDIE
incubated at 50°C for 10 minutes and vortexed every-3 minutes to help dissolve the
agarose gel completely. After solubilising the agarose gels, the colooir the mixture

was checked; if still yellow, indicating a pH 7.5, no additional step was needed to
adjust pH; if colour was orange or violet, 10 pl of 3M sodium acetate, pH 5.0, were
added. To increase the yield of < 500 bp DNA fragments, 1 volume of isopropanol was

added to the samples, and the samples were mixed

The samples were then applied to QIAquick spin columns and centrifuged for 1 minute
at 13,000 rpm at room temperature. The flowmthrough was discarded. 0.5 ml of Buffer
QG was added to the QIAquick columns and the samples were centrifuged for 1 minute
at 13,000 rpm to remove all traces of agarose. The samples were then washed by
adding 0.75 ml of Buffer PE, leaving the samples stand for52minutes and then
centrifuging for 1 minute at 13,000 rpm. The flowthrough was discared and the
samples were centrifiged for an additional 1 minute at 13,000 rpm to remove residual

ethanol from Buffer PE.

QIAquick columns were transferred to cleammicrocentrifuge tubes. 30 pl of Buffer EB

were dispensed directly on the QIAquick columns membranes to elute bound DNA,; to
increase the DNA concentration, the columns were let to stand for 4 minutes before
centrifuging for 1 minute at 13,000 rpm. The average eluate volume was 28 pl. The

DNA concentration of eluates was measured usinga NanoDrop 2000
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Spectrophotometer (Thermo Sientific), using Buffer EB as blank. The DNA samples
were then frozen at-20°C.

2.3.6.2. Sanger sequencing

Sequencing of PCR products was carried out externally, via the LIGHTRUN sequencing
service (Sanger sequencing, GATC Biotech) amABI 3730xI DNA Andyzer system. 5 pl
of samples with a DNA concentration higher than 20 ng/ul were sent for sequencing in

1.5 ml tubes along with 5 pl of 5 uM appropriate primer pairs for a total volume of 10

pl.

2.3.6.3. Analysis of sequencing data

Sequencing data was praded by GATC Biotech as a set of three files per sample: a
chromatogram (Abl Trace File) which contains the raw data (signal strength) of the
sequence analysis and other ABI informationalongside the graphically displayed
individual bases; and two text fies (FAS. and SEQ. files) which contain the sequence of
the sample. The Phred basecaller calculates the respective quality value for each base
using the peaks in the chromatogram (Phred score). Phred 20 means accuracy of 99%,
meaning a read error probabilty of 1:100. In the text files, the notation of the bases is
defined as follows:"N" is equivalent to quality value < Phred 10; a lower case letter, e.g.
"a" is equivalent to a quality value of Phred 1419; and an upper case letter, e.g. "A" is
equivalentOT A NOAI EOU OAT OA T £ 1 O0EOAA ¢mns8

For analysis, chromatograms were opened using the GATCViewer software (GATC
Biotech), and PCR product sequences were manually copied in a text file. They were
then compared with the gene sequence to identify which regionsf the gene were
present in both sequences, using Clustal Omega (EMBBI) (Goujon et al, 2010;
Sieverset al, 2011; McWilliamet al, 2013).

2.3.7. Statistical analysis

Statistical analysis was performed as described in Figure 2.g@McDonald, 2014;
Mangiafico, 2015). The Shapire7 E1 E6 O OAOO xAO OOAA Oi
distribution of investigated parameters (for each variable) The F test was used to
assess the homogeneity of variances when there were two variablebe Bartlett test
and the LeveriA 6 O vk @sBdvhen there were more than two variables. Data were
expressed as mean + standard deviatiorthe number of repeat assays is indicated by

O1 6 eaEhifigure legend as appropriate. The values P < 0.05 were considered
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statistically significant. Statistical analysis was done using the R software

(https://www.r -project.org/, version 3.5.3). The Dunn test required the dunn.test

package https://cran.r_-project.org/web/packages/dunn.test/index.html ).

‘ Data normally distributed? ‘

Yes \

‘ Homogeneity of variances?

Homogeneity of variances?

Yes l V No

Parametric tests: Non-parametric tests: Non-parametric tests:
2 variables: Student’s t-test 2 variables: Wilcoxon test 2 variables: Welch's t-test
> 2 variables: ANOVA test + > 2 variables: Kruskal-Wallis test > 2 variables: Welch's anova
Tukey-Kramer post-hoc analysis + Dunn post-hoc analysis + Games-Howell post-hoc analysis

Figure 2.2: Statistical analysis of data

Normality of distribution and homogeneity of variances were assessedto choose the

appropriate statistical test.

2.4. Electrophysiology

2.4.1. Physiological recording solution

All chemical components were obtained from Sigma and were prepared in distillec.&

and stored at 2z 8 °C.The volume of each solution (see tabl2.6 for composition) was

adjusted to 100 ml with distilled water. The pH @ OEA 31 AEOI O, 1 AEAS
solution and that of the High K intracellular solution were adjusted to 7.4 and 7.2
respectively, with NaOH or HCIThe electrophysiological solutionswere stored at 4°C

up to 1 week; they were warmed to room temperaturebefore use, and filtered through

a non-sterile 0.2 pum PVDFmembrane 4 mm syringe filter (Whatman) to avoid crystals

that could block the microelectrode tip, or attach to the cells and prevent giga seal

formation.

42


https://www.r-project.org/
https://cran.r-project.org/web/packages/dunn.test/index.html

Chapter 2z Materials and Methals

3T AEOI O, T AEA6 A@O0AAAI 1T Ol AO O 1 O0OETT ¢

Component Quantity Final concentration
NacCl 877 mg 150 mM
KCI 0.3 ml of 1 M stock 3 mM
CaCi 0.2 ml of 1 M stock 2mM
MgCkh 0.2 ml of 1 M stock 2mM
HEPES 238 mg 10 mM
D-glucose 180 mg 10 mM

High Kt intracellular solution: 100 ml

Component Quantity Final concentration
NacCl 0.5 ml of 1 M stock 5mM
KCI 1.045¢g 140 mM
CaCl 100 pl of 200 mM stock 30 nM free [C&*]
MgCkh 0.1 ml of 1 M stock 1mM
HEPES 238 mg 10 mM
EGTA 2.2 ml of 50 M stock 11 mM

Table 2.6: Composition of electrophysiologtal solutions

2.4.2. Electrode fabrication

Recording electrodes were pulledust before usefrom 1.5 mm outsidediameter, 0.86
mm inside-diameter borosilicate glass capillaries (Warner Instruments) by a Narishige
PP-83 two-stage electrode puller set to poduce two equal length electrodes witha
resistance of &2y - m A&l O OET1 C-tldnpidgEaAd 1k & 1 - ApsivérAiker

chloride wire was used as reference electrode.

2.4.3. Electrophysiology apparatus

An AgAgClI recording wire was connected to anV converter amplifying headstage (€
203BU Headstage, Axon Instruments)which was mounted on a Scientifica three
dimensional mechanical micromanipulator. The micromanipulator, as well as the
inverted microscope, the recording chamberand the cells from which signals were
recorded, were plaed within a Faraday cage surrounding an antiibration table in

order to minimise electrical and vibrational interference. To further reduce electrical
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noise, all metallic apparatus and electronic instruments in use were electrically

earthed.

Signals wee amplified by an Axopatch amplifier (Axopatch 200, Axon Instruments)
with filter cut -off at 5 kHz,digitised at 20 kHz and transmitted to a computer through a
NIDAQMX interface (National Instruments), and visualised on the Windows Whole
Cell Patch (WinW®, for wholecell patch-clamp, version v5.0.3) or Windows
Electrophysiology Disk Recorder (WIinEDR, for singlehannel patchclamp, version

v3.6.0) software (Dr John Dempster, University of Strathclyde).

2.4.4. Patch-clamp methodology
2.4.4.1. Single-channel patch-clamp

Cells were cultured for 27 days on B mm circular glass coverslips at seeding densities

of 3,000 cells. Cultures were inspected by microscope before use to check they were
healthy-looking and not confluent. Coverslips were washed in filterd OT AEOI O, | AEA
extracellular solution before being transferred to a recording chamber, using a small

amount of petroleum jelly to hold them in place. A few drops of filtered T AEOI O, T AEA
solution were then gently added onto the coverslip to form a comex meniscus of

solution. The recording chamber was then transferred to the stage of the microscope,

and the reference electrode tip was placethto solution. At 200x magnification, a cell

was chosen to patckclamp that was phasebright, agranular and prefeably not in

contact with another cell.

A recording ekctrode was backfilled using a Microfil 34G fusedilica syringe needle
with filtered High K+ intracellular solution, then threaded over the AgAgCl wire and
sealed into place. The electrode tip was adnced into the solution covering the cells
using the micromanipulator, and positive pressure was appliednside the electrodeto
prevent the aggregationof debris on the tip.Junction potential was adjusted to zero
using the pipette offset on the amplifie. A 20 mV DC oscillating squargvave pulse
(seal test) was appliedvia the WinEDR software across the electrode tip to determine
to electrode resistance from the current amplitude measured by the amplifier. The
recording electrode tip was then advanced galy towards the cell. The microscope
light was then switched offto avoid creating background noiseand contact between the
recording electrode tip and the cell was seen by an increase in electrical resistance in
the seal test. Positive pressure was rem@d and negative pressure was gently applied

to form a seal When seal resistance increased slowly, negative voltage2@ mV to-60
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mV) were applied to help with seal formation Seals with electrical resistance in the
gigaOhm range (a gigaseal) were typically achieved in a few seconds or a few minutes.
Recordings were begun soon after at room temperature (around 20°C). Coverslips
were discarded after one or two hours because the cells began to look unhealiffigure
2.2).

Beforerecording Afterrecording
Figure 23: Example of 7F2 cedibefore and after recording

Cells began to look unhealthy after one or two hours of recording.

2.4.4.2. Perforated patch -clamp

The perforated patchclamp technique was used to record from whole celléLippiat,
2009; Ishibashiet al, 2012; Linley, 2013) A 40 mg/ml stock solution of Amphotericin B
was prepared in distilled water and frozen up to 5 days; when used, it was kept on ice
and away from light as Amphotericin B is lightsensitive (Lippiat, 2009). Cells were
seeded on 16mm circular glass coverslps and prepared for recording as described

above.

The tip of the recording electrode was dipped into a Highintracellular solution to fill
the very tip with solution free of Amphotericin, which can prevent seal formation. Then
the electrode was backfiled with High Kt intracellular solution containing various
concentrations of Amphotericin B (ranging from 200 to 400 pg/ml) and threaded over
the AgAgCl wire. A gigaseal was formed as describedabove except that a5 mV
instead of 20 mVDC oscillating sgare-wave pulse (seal test) was applied across the
electrode tip (Linley, 2013) to determine to electrode resitgance. ldeal electrode
OAOEOOAT AAO x AOA (k) 20434 AftercealXdrnfation, aveltage of-
70 mV was applied for 5 minutes to help get a perforated patch configuratiofiinley,
2013).
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2.4.5. Data acquisition and analysis

For cellattached patches, recordings of thirty seconds and between 150 mV were
made onto the harddisk of a PC and saved as WCP or EDR files, using WinWCP (v5.0.3)
or WIinEDR (v3.6.0) softwares. Data were regularly saved to another PC for analysis and

as backup copies

46



Chapter 3 z Protocol optimisation for the differentiation of

murine 7F2 osteoblast -like cells into adipocytes
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3.1. Introduction

3.1.1.Invitro differentiation into adipocytes

There are various published protocols to induce adipogenic differentiadin in vitro.
MSCsand preadipocytes can be differentiated into mature adipocytes when treated
with a cocktail of adipogenic chemical stimuli such as dexamethasone, isobutyl
methylxanthine (IBMX), insulin, indomethacin, or hydrocortisone(Scott et al, 2011,
Hemmingsenet al, 2013). There is a lack of standardisation foin vitro adipogenic
differentiation, even for established cell lines such as 3FBl preadipocytes. To
differentiate these preadipocytes, three ingredients are commonly used 7
dexamethasone|BMX and insulin, but concentrations for each vary considerablscott

et al, 2011). These three components are also often used to differentiate mouse and
human BMSCs again with a great variety between the protocols; some of which only

use one or two dugs to promote adipogenic differentiation(Scottet al, 2011).

The 7F2 cell line was derived from the bone marrow of p53 mice by Thompsonet al.
(1998). These cells are considered to be osteoblastic as they exprédsP, secrete type |
collagen and ostecalcin, and mineralise after 47 days of incubation with alpha
modified essential medium (- %- @ OODPDI Al AT OA-flycexophOdphate m 1 - 7
and 50 pg/ml ascorbic acid. However, these clones can be induced to differentiate into
adipocytes when cultured with adipogenic medium. This is accompanied by the
complete loss of expression of all osteoblastic markers exceptLP. The adipogenic
medium used by Thompsoret al. was derived from a protocol originally published by
Dorheim et al, which contained 0.5 mM IBM, 0.5 pM hydrocortisone and 50 uM
indomethacin (Dorheim et al, 1993); using instead 50 pM indomethacin, 0.1 uM
dexamethasone and 50 pg/ml ascorbic acid, which was found to accelerate the

conversion to fat(Thompsonet al, 1998).

Indomethacin is a nonspecific cyclooxygenase (COX) inhibitor and a nesteroidal
anti-inflammatory drug (NSAID). NSAIDs, and in particular indomethacin, have been

shown to promote adipogenesis and decrease osteogenesis. Stymeral. showed that
indomethacin stimulated the adipaenic differentiation of both murine embryonic

pluripotent cells and marrow-derived MSCqStyner et al, 2010): indomethacin induced

adipocyte protein 2 (aP2)and adiponectin production, as well as the formation of lipid

droplets; it promoted early adipogenesis, signiE AAT O1T U OPOACOI AQET C
#T%" 0y AODPOAOGOEI T8 )T AT I AGEAAET Al 01 OOBPDPOAC

the principal product of COX2, and an anabolic agent that both promotes
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osteoblastogenesis and decreases adipogenesis. However, it seemed thateffects of
indomethacin were prostaglandinindependent, as adding PGE2 did not reverse
indomethacin-induced adipogenesis. This is in contrast with another study that showed

that indomethacin increased the adipogenic differentiation of mouse embryonic

fibroblasts, and that exogenous PGE2 could reverse the effect of indometha@imazumi

etal,201)] 0' %c OECT Al 1 EI C OODPPOAOOAA AAEDI CAT AC

in an autocrine manner.

Dexamethasone is an ardinflammatory synthetic glucocorticoid, frequently used in the
treatment of severe inflammatory diseases, such as rheumatoid arthriti or
osteoarthritis  (Shefrin and Goldman, 2009) Glucocorticoids signal via the
glucocorticoid receptor which belongs to the steroid hormone receptor subclass of
nuclear receptors. This receptor regulates gene expression as a dimer by binding to
glucocorticoid responsive elements inthe promoters of target genes, such as bone
sialoprotein, osteocalcin, ALP, osteoprotegerin and type | collagé@gataet al, 1995;
Moutsatsou et al, 2012). Many experimental and clinical studies report that
glucocorticoids have many deleterious side effects in bon€Pereira et al, 2002; Liuet
alh ¢ T Net &.,8008 BOAnkbkaet al, 2005; Tonet al, 2005; Wanget al, 2005;
Laneet al, 2006; Swansoret al,, 2006; Itoet al, 2007; Leclercet al, 2008; Koromilaet
al., 2014; Briot and Roux, 2015) Dexamethasone has been shown to stimulate both
osteogenic and adipogenic differentiation depending on the cell differentiation stage
(Mikami et al, 2011) and concentration of the drug(Ghali et al, 2015). Several studies
report that 10 nM dexamethasone inhibis proliferation of human MSCs, induce
osteoblast commitment, maturation and extracellular matrix mineralisation(Chenget
al.,, 1994; Siddappaet al, 2007; Pieket al, 2010); basal medium containing ascorbic
acid ard 10 nM dexamethasone increase ALP expression while decreasing BMP2
expression (Barradas et al, 2012). On the contrary, others have shown that 10 nM
dexamethasone stimulates adipogenesis in necommitted cells, but stimulates
osteogenesis in cells alreaglcommitted to the osteogenic lineagéMikami et al, 2011).
When MSCs are exposed to dexamethasone for a prolonged period of time, or to an
increased concentration of the drug (1 nM to 1 uM), they yield higher numbers of
adipocytes in cultures at the expese ofosteoblasts(Yin et al, 2006). Similarly, 100 nM

Z 1 uM dexamethasone inhibits rat BMSC proliferation and promote adipogenesis and
have time-dependent effects on osteoblastic marker expression, suppressing Runx2
and ALP expression in the early stagof differentiation, but increasing expression of
ALP and osteopontin in the late stagéSonget al, 2014). In vivo, administration of

dexamethasone can induce osteoporosis in micgi et al, 2013a; Zhanget al, 2015). In
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humans, it has been shown thalong-term dexamethasone therapy is associated with
bone loss, lowBMD and increased fracture risk; dexamethasonénduced osteoporosis

is accompanied by increased bone marrow adiposit{Staaet al, 2002; Yacet al., 2008;

Weinstein, 2012).

In addition to the adipogenic medium components, other factors such as cell adhesion,
cell shape or culture conditions also play an important role in regulating adipogenesis;
for example, the number of passages and the cell seeding density are important
parameters. Celkeeding density has been reported to affect several cell processes, such
as proliferation and differentiation (Bitar et al, 2008; Neuhuberet al, 2008). For MSCs,
higher densities enhance adipogenesis while lower densities favour osteogenesis under
an aipogenic-osteogenic ceinduction medium (McBeath et al, 2004; Penget al,
2012). This may be due to the fact that cell spreading seems to promote osteogenesis;
human MSCs cultured on larger islands of fibronectin differentiated along the
osteogenic lineage, while uman MSCs cultured on smaller islands differentiated into
adipocytes (McBeath et al, 2004). C&* may play a role in regulating cell morphology;
higher extracellular C&* concentrations are associated with smaller nuclei and larger
cytoskeletons, increasing the cell area and perimeter and promoting the osteogenic
differentiation of human MSCqBarradaset al, 2012). Conventionally, cells are cultured
to subconfluence before treatment with adipogenic medium, because this treatment
inhibits cell proliferation (Murphy et al, 2003; Mauneyet al, 2005); but it has also been
reported that single-cell derived colonies of early passage humanMSCs can

differentiate into adipocytes (Sekiyaet al, 2004).

3.1.2. Chapter objectives and experimental strat egies

The objective in this chapter was to optimise the protocol to differentiate 7F2
osteoblastlike cells into adipocytes, in order to test the effects of ghrelior other
pharmacological modulators on adipogenic differentiation in future experiments.
Ideally, adipogenic differentiation should be efficient enough that a significant
difference can be seen when comparing to 7F2 cells that were not induced to
differentiate into adipocytes; but adipogenic differentiation should not be maximal, so
that it wil | be possible in future experiments to detect a stimulatory effect of the tested

pharmacological modulators (such as ghrelin) on adipogenesis.

7F2 cells were cultured with basal medium as a control, or with adipogenic medium to
induce adipogenic differentation. To optimise the protocol, the effects of several

factors on adipogenesis were tested, including cell seeding density, length of treatment,
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and addition of insulin to the adipogenic medium the efficiency of adipogenic
differentiation was assessedy Oil Red O staimig, which stains lipids in redto quantify
the amount of lipid droplets inside the cellsTo assess adipogenic differentiation in the
final protocol, in addition to Oil Red O stainingRT-PCR and gRIPCRanalysiswas used
to investigate the expression of osteblastic (Runx2, ALP and osteocalcin) and
adipocytic (00! 2r h #7 %markeds. ' 1 001
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3.2. Materials and Methods

3.2.1. Cell culture and adipogenic differentiation of 7F2 cells

7F2 cells were seeded and cultured as described in secti@rl. When testing the effects
of the length of treatment on adipogenic dferentiation, cells were seeded at density
of 5000 cells/cm2. When testing the effects of insulin on adipogenic differentiation,
5 pg/ml insulin (Sigma) was added to adipogenic medium(described in section

2.1.2.7), and cells were seeded at a dsity of 5000 cells per cm?

3.2.2. Molecular biology

3.2.2.1. RNA extraction, DNAse treatment and reverse transcription

See section®.3.1and 2.3.2

3.2.2.2. PCR

3.2.2.2.1. Oligonucleotide primers: hous&eepingand differentiation marker genes
See setions 8.1.1and 8.1.2.

3.2.2.22. PCR reaction compositions and conditions

The PCR reaction composition is described in secti@3.3 The PCR reaction conditions
were optimised and are detailed in table3.1. Nucleasefree water was used as a
negative corirol and three housekeeping genesHprtl, Eef2and Gapd, were used as

positive controls.
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Hprtl, Pparg, and Gapdh primers :

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 58 30s 30
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Eef2, Runx2, Alpl, and Cebpaprimers :

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 58 30s 35
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Glut4 primers:

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 56 30s 40
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Osteocalcin primers (both sets):

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 58 30s 40
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Table3.1: PCR reaction conditions
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3.2.2.3. Gel electrophoresi s
See sectior2.34.

3.2.2.4. Quantitative PCR
See sectior?.35.

3.2.3. Statistical analysis

Statistical analysis was performed as described isection 2.3.7Data were expressed as

mean * standard deviatio) OEA 1T 01 AAO 1T £ OAPAADWAIGEROAUO EC
3 0 0 A Adesisqparant@tric), two-sided Wilcoxon tess and two-OE AAA 7-t8stsAE8 O O
(non-parametric) were used when basal medium was compared with adipogenic

medium, i.e. when investigating the effects of the length of adipogenic treatmetmie

effects of seeding density (when comparing matching seeding densitiesdnd when

assessing the final adipogenic protocol (amount of Oil Red O stain and gRTR

analysis). Kruskal-Wallis tests (with Dunn post-ET A AT A1 UOEOQ AT A 7AIl AE
GamesHowell post-hoc analysis)were used when investigating the effects of seeding

density (comparing the amount of Oil Red O between the various seeding densitias

basal or adipogenic mediun and the effects of insulinP values lower than 0.05vere

considered as statistically significant. The calculations were performedusing the R

software (https://www.r -project.org/, version3.5.3).
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3.3. Results

3.3.1. Length of treatment

To determine the length of treatment thatwould allow a difference to be detected
between cells cultured with basal medium and cells cultured with adipogenic medium,
7F2 cells were seeded on 1&vell plates and cultured for 2, 4 or 7 days, then stained
with Oil Red O. Photographs were taken dailyat 200x magnification under a
microscope;figure 3.1.Ashows photographs of 7F2 cells after 2, 4 or 7 days, before and
after Oil Red O staining. Oil Red O was extracted and quantified by measuring the
absorbance at 490 nm with a spectrophotometer figure 3.1B). Lipid droplets were
already visible after 2 days of culture with adipogenic medium but were too small to
cause asignificant difference in the amount of Oil Red @ = 0.661; twoOEAAA 3 O0O0AAT O
t-test; n = 1 with 3 replicates per condition) the mean absorbance wa quite high in
both conditions (> 0.15) despite the absence of large lipid droplets, due to the presence
of extracellular Oil Red O crystals. At 4 and 7 days, the amount of Oil Red O was higher
in the wells of cells cultured with adipogent medium compared with basal medium,
although the difference was not statistically significan{day 4: p = 0.114 and day 7: p =
0.058;two-sided3 O O A Aded) 6 ©1 wiih 3 replicates per condition).

3.3.2. Seeding density has a strong effect on adipog enic trans -differentiation

7F2 cells were seeded at four different densities: 2500, 5000, 7500 or 10 000 cells/cmz2.
Figure 3.2.A shows pictures of cells after 2, 4 and 7 days of adipogenic treatment. After
2 days of culture, multiple small lipid droplets ould be seen in several cells in the wells
with seeding densities of 7500 and 10 000 cells/cm? while being relatively rare in wells
with seeding densities of 2500 and 5000 cells/cm2. The amount and size of lipid
droplets seemed to increase more rapidly irhigher seeding densities, particularly at
7500 and 10 000 cells/cmz?, during the rest of the treatmentOil Red Gstaining showed
the presence of large lipid droplets inside the cells, particularly at higher densities
(figure 3.2.B). There was no significan difference in the amount of Oil Red O in cells
cultured with basal medium between the various seeding densitiegp = 0.3829, n =23
replicates per condition, KruskatWallis and Dunn test$. The amount of ORG@ncreased
with higher seeding density when he cells were cultured with adipogenic mediumbut
this increase was not statistically significant (p = 0.2756, n = 2, Krusk#Vallis and
Dunn tests) (figure 3.2.C) For identical cell seeding densities, the amount of Oil Red O
was significantly higher in adipogenic medium compared with basal medium for 2500
cells/cm? (p = 0.038, n = 2two-sided3 O O A Ades);578D0 €lls/cm? (p = 0.015, n = 2,
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two-sided Wilcoxon test); and 10000 cells/cm? (p = 0.013, n = 2wo-sided Wilcoxon
test) (figure 3.2.D).

When the cells were not well distributed within the wells z thus creating areas of
higher cell density and areas of lowr cell density z the efficiency of adipogenic
differentiation varied greatly (figure 3.2.E). In areas where cell density was higher from
the beginning of the treatment, lipid droplets appeared sooner and increased in size
and number more rapidly than in the rest of the well, regardless of the number of cells

over the whole well.

3.3.3. Insulin failed to further stimulate adipogenic trans  -dif ferentiation

Among the various adipogenic cocktails that can be found in the literature, some
contain insulin to help promote and maintain adipocyte proliferation and
differentiation (Scott et al, 2011). Therefore, the effect of insulin on adipogenic
differentiation of 7F2 cellswas tested 7F2 cells were cultured with basal medium
(BM), adipogenic medium (AM), or adipogenic medium with 5 pg/ml insulin (AM + Ins)
(Molchadskyet al, 2013; Zhanget al,, 2013; Bozec and Hannemann, 2016; Meyet al,
2016) (figure 3.3). Photographs were taken daily to monitor the emergence of lipid
droplets at 200x magnification under a microscope; figure 3.3.A shows photographs
taken after 3, 5 and 7 days of culture. Lipid droplets began to appear at day32of
culture in the cells cultured with adipogenic medium in the presence and in the absence
of insulin. The cells were stained using Oil Red O after 7 days of cultufeg(re 3.3.B).
There was no visible difference in the size and number of lipid droplets in cells cultured
with adipogenic medium in presence or in absence of insulifhe amount of Oil Red O
was lower by 24% in cells cultured with adipogenic medium + insulincompared with
adipogenic medium alonebut the difference was not statistically significant (p = 0.4, &

6, 2-3 replicates per condition, KruskaltWallis test and Dunn posthoc analysi9
(figures 3.3.C and D)

3.3.4. Adipogenic treatment: final protocol

3.3.4.1. Adipogenic treatment increases lipid content and decreases cell number

7F2 cells were seeded ta2500 cells/cm? and cultured for 7 days with basal or
adipogenic medium. Figure 3.4.A shows photographs of 7F2 at days 2, 4 and 7 of
culture. Adipogenic treatment induced the apparition of small lipid droplets after 2
days of culture; these droplets incrased in size and number as the treatment
continued. No lipid droplet was observed in cells cultured with basal medium. These

observations were confirmed by Oil Red O stainindgigure 3.4.B) and quantification of
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staining (figure 3.4.C): the amount of Oil & O staining was significantly higher in wells
treated with adipogenic medium (0.17 + 0.14) compared with basal medium 0.07 £
0.05;p =002,n = 17;two-sided 7 A 1 A #e8t)OThi®was also the case hen Oil Red O
quantification was normalisedto basal medium for each repeat (p= 0.0003, n = 17;
two-sided 7 A1 A Ee8tO theQamount of Oil Red O was 135% higher in cells cultured
with adipogenic medium compared to cells cultured with basal mediumAfter 7 days of
culture, the number of cells was 80% lowein wells cultured with adipogenic medium
compared with basal medium(p < 0.0001, n = 5;two-sided 7 A1 A BE&stD(fighre
3.4.D).

3.3.4.2. mRNA expression levels of adipogenic markers increase while mMRNA

expression levels of osteoblastic markers decrease

To confirm that 7F2 cells differentiated into adipocytes, the mRNA expression of

several adipocytic markersz 0 0 | 2C/EBP|, and Glut4, which is a target of C/EBP

(Moseti et al, 2016) z as well as several osteoblastic m&ers z osteocalcin, Runx2 and

ALP z were analysed by RTPCR figure 3.5.A). A band of the expected size was detected

for each differentiation marker. When 7F2 cells were treated with adipogenic medium,

the AAT AO Al OOAOPITAET ¢ O OEA o0o#2 bDHOT AOGAOO 1,
CIEBPL h OAAI AA O1T AA i1 OA ETOAT OANn '1060t i2.!
cultured with basal medium but it was much more visible for cells treated with

adipogenic medium. On the contrary, the band corresponding to the osteoblastic

marker Runx2 PCR productseemed to be less intense for 7F2 cells cultured with
adipogenic medium comparedto cells cultured with basal medium. The bands
corresponding to osteocalcin PCR products were faint figure 3.5.A). The reverse

primer of the first set of primers was locatedin intron 3, which can be retained in the

MRNA (GenBank: BC069910.1jMammalian Gene Collection (MGC) Program Team,

2002). Another reverse primer located in exon 4 was designedigure 3.5.B); the band
corresponding to the expected size (178 bp, with nontron retention) was more

intense in cells treated with basal medium compared with adipogenic medium. Another

faint band of ~ 450 bp was observed; it seemed to correspond to the band that was

detected using the first set of primers and that retains intror8.

The mRNA expression of differentiation markers was also analysed by quantitative PCR
(figures 3.5.Cand D). PPAR mRNA expressiorwas significantly higher in cells cultured
with adipogenic medium (fold change = 5.46 + 0.22) compared to cells cultured with
basal medium(p = 0024, n = 2, tweOE A A A  7-&dt) ASdla®ly, @EBP; mRNA
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expression was higher in cellcultured with adipogenic medium (fold change = 25.3
0.21) compared to cells cultured with basal medium(p = 00048, n = 2, twesided
7 AT A B8t OThémRNA expression of the osteoblastic markemwas not significantly

lower in cells treated with adipogenic medium.

Figure 3.6 shows PCR data with no RT controls. No RT cai¢ were not available for
all samples. No band was observed in these gels, except very faint bands that

correspond to probable dimers of primers (< 100 bp).
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3.4. Discussion
3.4.1. Adipogenic differentiation of 7F2 cells

The aim of this chapter was to optimise the protocol to differentiate 7F2 cells into
adipocytes, in a way that would allow detecting either a stimulatory or an inhibitory
effect of ghrelin or other pharmacological mdulators in future experiments. Culturing
the cells for 7 days, with a seeding density of 2500 cells/cm? and changing the medium
every 2-3 days, seemed to trigger a relatively efficient adipogenic differentiation, while
still leaving room for a possible simulatory effect of ghrelin or other pharmacological
modulators. Adipogenic medium induced the apparition of lipid droplets inside the
cells, significantly upregulated the mRNA expression of several adipocytic markers
(PPAR and C/EBR) but did not significantly downregulate osteoblastic markers
Altogether, these results indicated that our model, the 7F2 cell line, reliably

differentiated into adipocytes when cultured with dexamethasone and indomethacin.

The adipogenic medium used here was similar to thene used by the team that isolated
7F2 cells from p53- mice (Thompsonet al, 1998), since it contained indomethacin and
dexamethasone. However, it was not supplemented with ascorbic acid, which was
reported to accelerate conversion to fat: ascorbic acivas already present in basal

medium, at the same concentration as the one used by Thompsetnal.(1998).

Oil Red O staining, while allowing lipid droplets to be detected by staining them in red,
did not seem to be an accurate technique to detect smallfdirences in the amount of
lipid droplets; there were often many Oil Red O crystals (precipitates) in the wells,
which created a high background noise. These crystals proved impossible to get rid of
despite several washings; and they tended to accumulatezen more when there were
many cells in the wells, particularly in wells containing basal medium in comparison
with adipogenic medium. Filtering the solution twice instead of once helped a little but
there did not seem to be enough staining left, as the aolof the stained lipid droplets
was closer to orange/pale red than to the bright red usually observed. The older the
solution, the more Oil Red O crystals there were, so a fresh solution was prepared for

each staining assay.

The osteoblastic markers ostecalcin, Runx2 andALP were still expressed in the cells
cultured with adipogenic medium. This is probably due to the fact that the cells did not
all differentiate into adipocytes; there were still many osteoblasiike cells, which

looked fibroblastic with no visible lipid droplets. ALP expression did not seem to be
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affected by adipogenic medium, which is consistent with the observations of Thompson

et al.that the 7F2 celtderived adipocytes did not lose ALP expressiofThompsonet al,,

1998). Interestingly, two of the tested adipocytic markers were expressed at the mRNA

levels in 7F2 cells cultured with basal medium, the adipogenic transcription factors

00!2r ATA #7T%" 018 (1 xAOAOh ' (Motidial, 2Bl AE EO |
was barely detectedET x &¢ AAIT 1 O AOI OOOAA xEOE AAOAI |
expressed at the mRNA level in these cells, may not be expressed at the protein level, or

not at a high enough level to activate the transcription of Glut4.

3.4.2. Chapter conclusions

The objective of this chapter was to optimise the protocol to differentiate 7F2 cells into
adipocytes, in a way that would allow detecting either a stimulatory or an inhibitory
effect of ghrelin or other pharmacological modulators in future experiments. Optimum
conditions for adipogenic differentiation which met the criteria for my experiments
were an adipogenic medium containing dexamethasone and indomethacin, but without
insulin, at a seeding density of 2500 cells/cm2Having optimised the protocol to
differentiate 7F2 cells into adipocytes, the next step was to investigatehether these

cells expressed genes from ghrelin signalling.
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A Day 2 Day 4 Day 7

Figure 3.1: Ol Red Ostaining and quantification after 2, 4 and 7 days of treatment
(part 1)

7F2 cells were seeded on 12vell plates, cultured with basal(BM) or adipogenic medium (AM) for 2, 4 or 7 days, then stained with Oil Red O. A:
Photographs taken before and after Oil Red O staining.
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Quantifiation of Oil Red O at day 2
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Figure 3.1: Oil Red O staining and quantification after 2, 4 and 7 days of treatment
(part 2)

B: Quantification of @ Red O by measuring the absorbance at 490 nm (n =with 3 samplesper
condition; two-OE A A A 3 &ddté);AldtalaBenedd absorbance + SD.
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A Cell seeding density

2,500 cells/cm?® 5,000 cells/cm? 7,500 cells/cm?® 10,000 cells/cm?
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amym jo 7 Aeq

AM

BM

aimnojo 4 Aeq

AM
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amyma jo £ deq
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Figure 3.2: Effect of seeding density on the trandifferentiation of 7F2 cells (part 1)

7F2 cells were seeded at four different densities (2,500, 5,000, 7,500 and 10,000 cells/cm?) and
cultured for 7 days with basal(BM) or adipogenic medium(AM). Photographs of the cells were
taken daily at 200x magnification under a microscopephotographs after 2, 4 and 7 days are

shown in A.
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B Cell seeding density
2,500 cells/cm? 5,000 cells/cm? 7,500 cells/cm? 10,000 cells/cm?

BM

AM
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i

2500 5000 7500 10000

Absorbance at 490 nm (arbitrary unit)

2500 5000 ‘ 7500 ‘ 10000

F—

BM AM

Figure 3.2: Effect of seeding density on the trangifferentiation of 7F2 cells (part 2)

B: Photographs of the cells stained with Oil Red O after 7 days of culture. d: Red O was
extracted andabsorbance was measured with a spectrophotometer at 490 nm to quantify the
amount of stain; the graph shows the mean absorbance for each culture media and seeding
density £ SD f = 2, with 3 replicates percondition in each assay; KruskaWallis tests andDunn

post-hoc analyses.
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Figure 3.2: Effect of seeding density on the trangifferentiation of 7F2 cells (part 3)

D: Separate mean absorbance for each seeding density, comparing cells cultured with basal

medium (BM) to cells cultured with adipogenic medium (AM) (n=2, with 3 replicates per

condition in each assay; 2,500 cells/cm2 tweD E A A A

cells/cmz and 10,000 cells/cmz2: two-sided Wilcoxon tests).
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Cell seeding density

5,000 cells/cm? 7,500 cells/cm? 10,000 cells/cm?

2,500 cells/cm?

AM

AM + ORO staining

Figure 3.2: Effect of seeding density on the trangifferentiation of 7F2 cells(part 4)

E: Photographs showing the effect of local density within the wells, without and with Oil Red O

staining. Cell density could vary greatly within the wells.
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Day 3 Day 5 Day 7

N

BM

AM + Ins

Figure 3.3: Effects of 5 ug/ml insulin on adipogenic differdiation (part 1)

A: Photographs of 7F2 cells cultured with basal medium (BM), adipogenic medium (AM;
containing dexamethasone and indomethacin), or adipogenic medium 5 pg/ml insulin (AM +
Ins; containing dexamethasone, indomethacin and insulin), after 2, and 7 days of culture. B:
Photographs of 7F2 cells stained with Oil Red O after 7 days of culture with basal medium (BM),
adipogenic medium (AM) or adipogenic medium + insulin (AM + Ins). Photographs were taken

at 200x magnification.
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Figure 3.3 Effects of 5 pg/ml insulin on adipogenic differentiation(part 2)

C: Quantification of Oil Red O staining by measuring the absorbance at 490 nm (n 228

replicate samplesper condition for a total of 13 replicates per conditon 7 AT AEG O AT 1T OA
Games-Howell post-hoc analysig. D: Quantification of Oil Red O staining, normalised to basal
medium (n = 6; 23 replicate samplesper condition, for a total of 13 replicates per condition

Kruskal-Wallis test and Dunn posthoc analysis). Data are mean absorbae + SD.
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A Day 2 Day 4 Day 7
BM -
AM =

Figure 3.4: Effect of adipogenic treatment on 7F2 cell lipid conterdand cell number
(part 1)

A: Photographs of 7F2 cells cultivated with basal medium (BM) or adipogenic medium (AM) at
days 2,4 and 7.
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BM

AM

Figure 3.4: Effect of adipogenitreatment on 7F2 cell lipid content and cell number (par)

B: Photographs of 7F2 cells stained with Oil Red O after 7 days of culture with basal or adipogenic medium.
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Figure 3.4: Effect of adipogenic treement on 7F2 cell lipid contentand cell nunber
(part 3)

C: Quantification of Oil Red O staining by measuring the absorbance at 490 nm; raw data and
data normalised to basal medium (n = 17with 2-3 replicates percondition in each assaytwo-
sided7 A1 A Het€). DONumber of cells cultivated wih basal medium or adipogenic medium
for 7 days; raw data and data normalised to basal medium (n 5 @ith 1-2 replicate samplesper
condition in each assaytwo-sided7 A1 AtHe8t€). Cells were counted using Trypan Blue. Data

are mean absorbance or meanumber of cells + SD.
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Figure 3.5 Effect of adipogenic medium on the mRNA expression of differentiation
markers (part 1)
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Runx2 and ALP (osteoblastic markers).
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Figure 3.5: Effect of adipogenic medium on the mRNA expression of differentiation

B: RTPCR for osteocalo (second set ofprimers). C: qRFO # 2

markers (part 2)

AAOGA &I O0# Zws" 0y

2, 3replicate samples per conditionin each assay; eacBamplewas run in duplicate). Data are
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expression was normalised by the reference gene EEF2. RNA was extracted from 7F2 cells

cultured for 7 days with basal medium or with adipogenic medium.
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Figure 3.5: Effect of adipogenic medium on the mRNA expression of differentiation

markers (part 3)

D: qRTPCR forosteocalcin Runx2 and ALP r{ = 2, with 3 replicate samples per condition in

each assay; each sample was run in duplicat®ata are mean Ct + SD irrgphs on the left fwo-

sided 7 Al A EtésOfor @steocalcin two-sided 3 O O A A {teét6f@® Rubx2 and two-sided
Wilcoxon test for ALP), and fold change + SD in graphs on the rigiiv¢-sided3 O O A A-iedd O O
for osteocalcin two-sided7 A1 A He§t©Ofor Bunx2 and ALP) the relative fold expression was
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normalised by the reference gene EEF2. RNA was extracted from 7F2 cells cultured for 7 days

with basal medium or with adipogenic medium.
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Figure 3.6: No RT controls for differentiation markers

RT-PCRfol0 0! 2 r h
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and ALP (osteoblastic markers) with no RT controls.
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4.1. Introduction

4.1.1. Ghrelin: one gene that encodes a variety of peptides
4.1.1.1. Structure of the ghrelin gene

The structure of the mouse ghrelin gene was described by Tanakaal. (2001a) using
ghrelin cDNA cloned from the stomach; it contaim five exons(Ex1-Ex5) and four
introns (In1-In4) (Tanakaet al, 2001a). The first exon is short and contains only 19 bp,
xEEAE AT AT AA DA Qtranslded éegidh). Bx6nS £2to 5 encode
preproghrelin which is 117 amino acidlong, which containsa 23-amino-acid signal
peptide encoded by exon 2. The signal peptide is cleaved from preproghrelin, giving
rise to proghrelin. Proghrelin is acylated, then transported to the Golgizhu et al,
2006), where it is cleaved to generate two peptides: 28mino-acid mature ghrelin,
encoded by exons 2 and 3; and 28mino-acid obestatin, encoded by exon 4 and a few
nucleotides from exon 5 (figure4.1) (Kojima and Kangawa, 2005; Yanegt al, 2008).
The enzyme PC1/3 (proprotein convertase, also called prohormone coestase) is
required for the conversion of preproghrelin to mature ghrelin and obestatin; PC1/3
generates the @erminus of mature ghrelin by cleaving after Arg28 of proghrelin(Zhu
et al, 2006). PC1/3 has been shown to be expressed rats, in the pituitary, the
hypothalamus (Nillni, 2007; Dong and Day, 2013and the gastrointestinal tract(Macro

et al, 1996), which also produce ghrelin.

Ghrelin is extremely well conserved in mammals; ghrelin homologues have been
identified in human, rhesusmonkey, rat,mouse, Mongolian gerbil, cow, pig, sheep and
dog. The sequences of the gene and its promoter are well conserved. In particular, the
first 10 residues are identical in mammals, and the sequence of the mature peptide
from rats and mice differs by two amino aids from human ghrelin (Davenport et al,
2005; Kojima and Kangawa, 2005)The first five residues of mature ghrelin play a
central role in the activity of the peptide, particularly the Ser3 residue which can be
acylated; acylation is necessary for ghrali to bind to its receptor GHSR1a in
hypothalamus and pituitary, regulating GH secretion, food intake and energy stores

(Kojima and Kangawa, 2005)

In humans, the ghrelin gene also contains five exons, named exon 0 to exo(E#O-

Ex4), and four introns. Theshort first exon contains only 20 bp and encodes part of the
v65428 4EAOA AOA Oxi1 AEAZAAOAT O OOAT OAOEDOEI 1
80 bp and the other at 555 bp upstream of the ATG codon, giving rise to two distinct
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MRNA transcripts, transcript-A and transcript-B. TranscriptA, which is an alternative
splicing product from exon 1 to exon 4, is the main form of human ghrelin mRNA
vivo; it is translated into 117-amino acid preproghrelin. 28amino-acid ghrelin is
encoded by exons 1 ath 2. Exons 2, 3 and 4 encode for &8mino-acid Gghrelin (C-
terminal peptide of ghrelin), which contains 23amino-acid obestatin. Obestatin is

entirely encoded by exon 3Seimet al, 2007).

2 ) .
Non-coding region

H Coding region Ex 1 Ex2 Ex5
19 bp 133bp  117bp 109 bp 143 bp
mouse gene
5 3
765 bp Inl In2 In3 [n4
409 bp 95 bp 1942 bp 783 bp
e T — B
5 3
preproghrelin Signal peptide Ghrelin
1 24 51 / 76 99 117

mature peptides GSSFLSPEHQKAQQRKESKKPPAKLQPR FNAPFDVGIKLSGAQYQQOHGRAL
Ghrelin Obestatin

Figure 4.1: From the mouse ghrelin gene to mature peptide
Asterisk indicates the Ser3 residue acylated by Ghreli@-acyltransferase (GOAT).

4.1.1.2. Alternative splicing of the ghrelin gene

Alternative splicing is a mechanism through which a single gene can give rise to
multiple transcripts. It contributes significantly to protein diversity in humans and
mice, generating multiple proteins that can play important roles in regulating
physiological processes. Aberrant alternative splicing is often involved in

pathophysiological processes, particularly in cancers, gendiag altered proteins that
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promote carcinogenesis(Venables et al, 2009; David and Manley, 2010; Padt al,
2012).

The ghrelin gene is complex and generates multiple peptides in addition to ghrelin and
obestatin, by alternative splicing(Hosodaet al, 2000b; Tanakaet al, 2001a; Jefferyet

al., 2002; Kawamuraet al, 2003; Jefferyet al, 2005a). A number of transcript variants
have been identified in humans, sheep, rats and mice. Some of these variants are
conserved between multiple species, suggestinthe existence of mammaliarspecific
alternative splicing of the ghrelin gene and that thse ghrelin genederived transcripts

are functional (Seimet al, 2016).

For example, Intghrelin is a variant that contains Ex@1, In1, and Ex2 but lacks Ex&,
which shifts the reading frame of this transcript. This variant has been identified in
various human tissues (Genbank #GU942497) including thymus, testis, kidney,
stomach, uterus, brain, and mammary tissuefGaheteet al, 2011). It has also been
identified in Olive baboons (Genbank #HM048926)Gaheteet al, 2011). It may encode

a propeptide that retains the first 36 amino acids of native preproghrelin, including the
signal peptide and the first 12 amino acids of native ghrelin, but has a different C
terminal tail that does not produce obestatin. The Ser3 residue that can be acylated by
GOAT in native ghrelin is retained in this variant sequence, and the expression level of
In1-ghrelin mMRNA seem to correlate strongly with those of GOAT, suggesting that it
could be a substrate for this enzyme. Infhrelin may play a role in the pathophysiology
of cancer(Gaheteet al, 2011).

Another variant, In2-ghrelin, has been identified in mice (Genbank #DQ993169). It has
a completely different structure containing Ex2, In2 and Ex3;Exl, Ex4 and Ex5 are
absent from this variant. Interestingly, the sequence of In2 varied from that originally
reported by Tanakaet al. (2001a) (Genbank #AB060078), with eight TG repeats in
tandem in the middle of the In2, instead of seven. Siac&Ex1 is absent from this variant
AT A EAO AAAT EAAT OEZEAA AO A uvds542h EOO AgA
codon of In2ghrelin. This transcript variant contains a putative peptide that retains the

first 36 amino acids of native preproghrelinincluding the five first residues of native
ghrelin (GSSFL), and a novel 19 amiracid Gterminal tail encoded by In2
(VSQSVSLSPHIYPDLCVCV). Since exons 4 and 5 are missing, obestatin is probably not

produced.

In2-ghrelin mMRNA was not detected in the stmach extracts but was expressed in the

pituitary and hypothalamus, and seemed to be dependent on energy intake, suggesting
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that this transcript may encode a peptide that plays an important role in coordinating
the neuroendocrine response to metabolic stres This peptide may be acylated and
bind GHSR1a as it retains the first five residues of native ghreJiand pituitary GOAT
expression seemed to parallelethe changes on InZghrelin expression (Gaheteet al,
2010).

A number of other variants have been idatified, such as ghrelin genelerived
transcript (GGDT) (Tanaka et al, 2001b), DesGInl4-ghrelin (Hosoda et al, 2000b;
Kojima and Kangawa, 2005) In2c-ghrelin (Seim et al, 2013), exon 2deleted
preproghrelin (Seim et al, 2016), or exon 3deleted proghrelin (Jeffery et al, 2002,
2005b; Yehet al,, 2005).

4.1.2. Chapter hypothesis, objectives and experimental strategies

The chapter hypothesis is 1) that 7F2 osteobladike cells and 7F2 celiderived
adipocytes express the key genes from ghrelin signallin (presented in Chapterl,
section 1.4.1), i.e. Ghrl, Ghsrand Mboat4, at the mRNA level, and 2) that ghrelin

treatment exerts some feedback otheir expression levels.

The objectives of ths chapter were to investigate the expression of Ghrl, Ghsrand
Mboat4 using RTPCR analysis in 7F2 cells cultured with basal or adipogenic medium.
gRT-PCR was usetb quantify the expression levels of these three genes, amol assess
the effects of ghrelin treatment onthese, in 7F2 cells cultured with basal or adipogein
medium and treated with two different concentrations of ghrelin (20 nM and 200 nM)
RT-PCRand sequecing were used to investigate thestructure of GhrlmRNA isoforms
expressed in 7F2 osteoblastike cells and 7F2 celderived adipocytes, using various

sets of primers spanninghe genesequence

81



Chapter 4z 7F2 osteoblastlike cells and 7F2 celiderived adipocytes expressshsg
Mboat4 and several isoforms ofGhrl

4.2. Materials and Methods
4.2.1. Adipogenic differentiation and ghrelin treatment of 7F2 cells

7F2 cells wereseeded at a density of 2500 cells/cm%and cultured with basal and
adipogenic medium as describedn section 2.1., and treated with 20 nM or 200 nM
ghrelin (Cambridge Bioscience) for 7 days. After 7 days of culture, 7F2 cells were

stained with Oil Red O as described in section 2.1.

4.2.2. Molecular biology

4.2.2.1. RNA extraction, DNAse treatment and re verse transcription

See section®.3.1and 2.32.

4.2.2.2. PCR

4.2.2.2.1. Oligonucleotide primers: hous&eeping and ghrelin signalling genes

See sections 8.1.1., 8.1.3. and 8.1.4.

4.2.2.2.2. PCR reaction compositions and conditions

The PCR reaction commsition is described in section2.3.3. The PCR reaction conditions
were optimised and are detailed in table4.l. Nucleasefree water was used as a
negative control and three housekeeping genesHprtl, Eef2and Gapd, were used as

positive controls.
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Hprtl and Gapdh primers :

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 58 30s 30
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Eef2, Ex 17 Ex 3, Ex 27 In 2 (both sets of pr imers), and Ex 2 z Ex 3 primers :

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 58 30s 35
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Ex 3z Ex 4 and Ex 4z Ex 5 primers :

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 56 30s 40
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Table 4.1 PCR reaction conditions

4.2.2.3. Gel electrophoresis
Seesection2.34.
4.2.2.4. Gel extraction of PCR products and sequencing

Seesection 2.3.6. PCR reactions were performed as describedbove (section 4.2.2.2.3,
but with 50-55 cycles instead of the usual 3@0 cycles, to increase the number of

copies.
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4.2.2.5. Quantitative PCR

See section 2.3.5.

4.2.3. Statistical analysis

Statistical analysis was performed as described in section 2.3.7. Data were expressed as

i AAT m OOAT AAOA AAOGEAOEIT N OEA 101 AARGRIT £ OAB
experiments, ANOVA tests (with TukeyKramer posthoc analysis), KruskalWallis tests

(with Dunn post-ET A AT A1 UOEOQ AT A 7 Al-Howdl QrosthdcT OA | x
analysis) were used to compare the expression levels of the GOIs between the
experimental conditions, usingthe raw G values and fold changes. P values lower than

0.05 were considered as statistically significant. The calculations were performed using

the R software (ttps://www.r -project.org/, version 3.5.3).
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4.3. Results

4.3.1. 7F2 cells express Ghrl, Ghsr, and Mboat4

MRNA was extracted from 7F2 cells cultured for 7 days with basal or adipogenic
medium. RFPCR analysis was performed for three gene&hrl, Ghsrand Mboat4 (figure
4.2). A band of the expected size watetected for Mboat4 (240 bp) and Ghsr(215 bp),
both in 7F2 cells and 7F2 cells treated with adipogenic medium. However, for the
ghrelin gene, only a faint band of the expected size (220 bp) could be observéiere
was a much more intense bandvhich was about 90 bp longer than the expected size
(figure 4.2 A). Since the primers were located on exon 2 and exon tBjs longer band
could retain intron 2, which has been reported to be 93 bp long (Tanaket al., 2001a),
or 95 bp long (Kineman et al, 2007). Noband was observed for the no RT controls
(figure 4.2B), confirming that the cDNA samples were not contaminated with genomic
DNA

4.3.2. mRNA expression of ghrelin signalling system is responsive to adipogenic

medium and exogenous ghrelin

MRNA was extractd from 7F2 cells cultured for 7 days with basal or adipogenic
medium, with or without 20 nM or 200 nM ghrelin. gRFPCR analysis was performed
for three genes:Ghrl (figure 4.3), Gtsr (figure 4.4) and Mboat4 (figure 4.5). Data were
normalised to two housekeeping genes: HPRT1, which is commonly used for gPCR
analysis, and EEF2, which has been shown to have similar expression levels in many

tissues, including bone and fat tissuefKouadjo et al, 2007).

For Ghrl, the mean Ct was significantly lower in cellsultured with basal medium + 200

nM ghrelin (24.45 +0.49) compared to basal medium alone36.95 + 2.05;p = 0.015, n

E ¢h o OAPI EAAOGAOG PAO AT T-AdélEbstHoc afafydishES O Al
Similarly, the mean Ct was lower in cells cultured wit adipogenic medium + 200 nM

ghrelin (24.27 + 0.69) compared with adipogenic medium alone 26.30 + 1,78; p =
ndnmoch 1T E ¢h o OAPIEAAOAO bABowdlipdsthacOET T h
analysis) (figure 4.3.B). In data normalised to HPRT1GhrlmRNAlevels were higher in

cells cultured with basal medium + 200 nM ghrelin(144.84 + 0.58) compared with

basal medium alone { + 0.73;p = 0.0102, n = 2, KruskaWallis test and Dunn posthoc

analysis) and compared with basal medium + 20 nM ghrelin104.21 + 0.23; p =

0.0141). Similarly, Ghrl mRNA levels were higher in cells cultured with adipogenic

medium + 200 nM ghrelin(123.07 + 0.33) compared with adipogenic medium alone
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(0.79 = 0.40;p = 0.0089) and compared with adipogenic medium + 20 nM ghrelin
(111.04 £ 0.15;p = 0.0152). When data was normalised to EEF&hrl mRNA levels
were higher in cells cultured with basal medium + 200 nM ghrelin15.07 + 0.44)
compared with basal medium alone 1 + 0.65;p = 0.0072, n = 2, KruskalVvallis test and
Dunn posthoc analysis), and they were also higher in adipogenic medium + 200 nM
ghrelin (18.79 + 0.47) compared with adipogenic medium alone 1.91 + 0.20;p =
0.0161). However, there was no significant difference between basal medium + 20 nM
ghrelin and basal medium + R0 nM ghrelin, or between adipogenic medium + 20 nM

and adipogenic medium + 200 nM ghrelin.

Ct values were high (> 30) foiGhsrand Mboat4, indicating that their mRNA expression
levels were low (igures 4.4A, 4.4.B, 4.5.Aand 4.5B). There was no signifiant
difference in their expression levels between basal and adipogenic medium alone
(figures 4.4.C and 4.5.CHowever, when treating the cells with 20 nMor 200 nM
ghrelin, the results were contradictory depending on which housekeeping gene

expression wa normalised to. There was no significant difference in the fold changes

forboth Ghsrj T 1 Of Al EOAA O (024pdg B E m8mnmwn 11

anova tests) andviboat4 (normalised to HPRT1: p = 0.054, ANOVA test; normalised to
EEF2: p = 0.087KruskalWallis test).

4.3.3. ldentification of ghrelin variant expressed in 7F2 cells
4.3.3.1. Ghrelin mRNA retains several introns in 7F2 cells

Since 7F2 osteoblastike cells and 7F2 celderived adipocytes express a variant
isoform of ghrelin, the net stage of this study consisted of characterising the structure
of this variant, using RFPCR analysis with several combinations of primers spanning
the various exons ofGhrl. Figure 4.6 shows the agarose gels corresponding to various

combinations of primers.

RT-PCR with primers located on exon 1 and exon 3Ghrl30_E1f- Ghrl753_E3r)
revealed the presence of 4 bands; 3 of these bands were present in all the treatments,
while the fourth was only visible when the cells were treated with ghrelin. The smaller
band corresponded to 199 bp, which may contain exon 1, intron 2 and exon 3. The
larger bands corresponded to 648 bp, which may contain exon 1, intron 1, exon 2 and
exon 3; and 741 bp, which may contain exon 1, intron 1, exon 2, intron 2 and exon 3.
The faurth band, which was ~400 bp long, may contain exon 1, exon 2, intron 2 and
exon 3, although in theory this PCR product should be 332 bp long. The 199 bp and 741
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bp bands were more intense when the cells were treated with 200 nM ghrelin

compared with cellscultured with basal or adipogenic medium alone.

RT-PCR with primers located on exon 2 and exon 85hrl458_E2f- Ghrl753_E3r)
showed two bands, as in previous experiments. The smaller bands corresponded to
exon 2 and exon 3 (220 bp) while the longer bandetained intron 2. The longer band
was much more intense in 7F2 cells treated with 200 nM ghrelin compared with cells
cultured with basal or adipogenic medium alone. On the contrary, the smaller band was

fainter in cells treated with 200 nM ghrelin.

RT-PCRwith primers located on exons 3 and 4 Ghrl698_E3f- Ghrl2752_EA4r)did not
detect any band for 7F2 cells cultured with basal or adipogenic medium; but a very
faint band corresponding to the expected size (126 bp) was detected for 7F2 cells
treated with 200 nM ghrelin. Using a forward primer spanning the end of exon 3 and
the beginning of exon 4, coupled with a reverse primer on exon 5, showed the presence
of 2 bands; the small one corresponded to 146 bp, which may contain exons 3, 4 and 5;

and the longer kand corresponded to 2088 bp, which may retain intron 3.

A set of primers was used to detect a PCR product containing exon 2 and intron 2
(Ghrl458_E2f- Ghrl607_In2r), with a reverse primer located at the beginning of intron
2. A band corresponding to theexpected size (169 bp) was detectedSimilarly to the
other gels, in the presence of 200 nM ghrelin, the band was more intense than in the
absence of ghrelin treatmentAn additional band was detected but it is not known what

it could correspond to.

RT-PR with primers located on exons 4 and 5Ghrl2751 E4f- Ghrl3657_E5r)showed
the presence of a 141 bgong band, which corresponds to exon 4 and exon 5, without
intron 4, for 7F2 cells cultured with basal and adipogenic medium alone. An additional,
a faint band was detected for cells treated with 200 nM ghrelin; this band corresponded
to 924 bp and may contain exon 4, intron 4 and exon 5. Finally, FPICR with primers

located on exons 1 and 4, and exons 1 and 5, did not show any band.
No band was observeddr the no RT controls {igure 4.7).

To summarise, the presence of exon 1, intron 1, exon 2, intron 2, exon 3, exon 4, intron
4 and exon 5 were detected at the mRNA level and 7F2 cells and #€l derived
adipocytes expressed several variant isoforms of galin. The expression levels of the
variant isoform(s) were not affected by adipogenic medium, but were upregulated by

treatment with 200 nM ghrelin in both basal and adipogenic medium.
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4.3.3.2. Sequencing data

PCR products were sequenced to confirm tharesence of the various exons and introns

detected by RTPCR analysis (see Appendix, section 8.2.).

The first sequenced PCR product2dBA88) was obtained with primers located on
exons 1 and 3; sequencing and sequence alignment with the mouse ghrelin gene
confirmed the presence of intron 1, exon 2, intron 2, and the beginning of exon 3. Here,
intron 2 contained 8 TG repeats instead of 7, and was 95 bp long. The second
sequenced PCR producdBA89) was obtained with primers located on exons 2 and 3;
sequendng and sequence alignment confirmed the presence of exon 2, intron 2 and
exon 3.The third sequenced PCR product (24BA90) was obtained with primers located
on exons 4 and 5; sequencing and sequence alignment confirmed the presence of exon
4, intron 4 and exon 5. Finally, the fourth sequence PCR product (24BA45) was
obtained with a forward primer located on the junction between exons 3 and 4, and a
reverse primer on exon 5; sequencing and sequence alignment also confirmed the
retention of intron 4. For allthe PCR products, the sequencing reaction did not seem to

be very efficient in the area flanking the primers.

4.3.4.3. Prediction of protein structure

The prediction of the protein structure was done on a hypothetical sequence containing
exon 1, intron 1,exon 2, intron 2, exon 3, exon 4 and exon 5, based on the-RTR and
sequencing data presented in the previous sections. The ExXPASy tool predicted four

open reading frames (ORFs).

Two ORFs are short, encoding peptides that contain only 15 and 28 aminods;iBLAST
against existing proteins in mice do not show any significant alignment with existing

sequences.

Another ORF encodes a putative 55 amino acid peptide, which retains the signal
peptide (MLSSGTICSLLLLSMLWMDMAMA) and the first 12 amino acids ofiveat
ghrelin (GSSFLSPEHQKA) with a novel -t€&minal sequence
(QVSQSVSLSPHIYPDLCVCYV). It is encoded by exon 2 and part of intron 2, which

introduces a new stop codon.

The last ORF encodes a 46 amino acid putative peptide that would be encoded by exons
4 and 5 (MLPSMLASSCQELSISSMAGPWGSFFRISSGKRSKRRQLTSNHGQA); this
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sequence does not align significantly with existing peptides; the ProP 1.0 Server tool

does not predict any signal peptide, but predicts a cleavage site at Arg36.
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4.4. Discussion

The aim of thischapter was to verify if 7F2 osteoblastike cells and 7F2 celderived
adipocytes expressed the key genes from ghrelin signalling, i@hrl, Ghsy andMboat4,
at the mRNA level, and to study the effects of ghrelin treatment on the expression levels

of these genes.
4.4.1. 7F2 cells express Ghsr, Mboat4, and variant isoforms of Ghrl

RT-PCR analysis showed thatGhst Mboat4 and Ghrl were expressed both in 7F2
osteoblastlike cells and in 7F2 celderived adipocytes. Interestingly, two bands were
detected fa Ghrl, one that was the expected size (220 bp) but was faint, and a much
more intense band that was about 90 bp longer, suggesting that these cells expressed a

variant isoform of ghrelin.

To characterise this variant isoform, RT-PCR analysis was performé with several
primer sets (Kineman et al, 2007) located on the various exons of the mouse ghrelin
gene and PCR products were sequenced. Among the various PCR products obtained
with the primer sets spanning the mouse ghrelin gene, only a few could be sefor
sequencing; despite 5665 cycles of PCR, most of the bands that were detected with-RT
PCR analysis were too faint and did not contain enough PCR products for the
sequencing reaction to work. Sequences are attributed a quality scofBhred score)to
each base of the sequence. Phred20 means that the base was identified with 99%
accuracy (error probability of 1:100). Among the PCR products with a high enough
concentration that were sent for sequencing, only a few had a high overall Phred score.
N bases caespond to Phred < 10. There are several possible causes for the low Phred
score. There could have been mutations in the PCR products due to the high number of
PCR cycles; also, DNA molecules could have been cilodsed due to the use of U.V.

light durin g gel extraction, even though the duration of exposure was limited.

RT-PCR with primers located on exons 1 and 3 showed several bands. The sequence
obtained for the longer band (741 bp) had a high Phred score overall (> 20 for almost
all bases) and had astrong identity to the mouse ghrelin gene sequence, so the
sequencing data seemd reliable. It confirmed the full retention of introns 1 and 2. For
the PCR product with primers located on exons 2 and 3, the overall Phred score was
lower, but the sequence 8ll aligned relatively well with the mouse ghrelin gene,
further confirming the retention of intron 2. Exon 4, intron 4 and exon 5 were also

detected by RTPCR analysis. Also, RFCR with primers located on exons 3 and 4 did
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not seem to detect any band. élvever, results with other primer sets confirmed the
presence of exons 3 and 4, so intron 3 may be retained, but was too long for the PCR
reaction to work, as intron 3 is 1972 bp long in the mouse ghrelin gene. Similarly, PCR
with primers located on exonsl and 5 did not show any band; this too may be due to
the fact that the PCR products would have been too long due to the retention of introns,
especially intron 3. Overall, the data indicate that 7F2 osteobla$ike cells and 7F2 cell
derived adipocytes epressed several isoforms of ghrelin, one of which contains exon 1,
intron 1, exon 2, intron 2, exon 3, and may contain exons 4 and 5 as well. Since the PCR
reaction with primers on exons 1 and 5 did not work, it is difficult to conclude on the

exact numberand structures of variants expressed by these cells.

Ghrelin is ubiquitously expressed; the highest levels of expression are detected in the
stomach and intestine (Gnanapavanet al, 2002), but local concentrations in other
tissues that produce ghrelin mg be relatively high. GHSR expression may be more
restricted, although data on GHSR expression are contradicting; Gnanapaveinal.
(2002) reported that the highest levels of expression were detected in the pituitary and
brain, while other tissues such ashe stomach, the small intestine, or the liver, had low
expression levels. Others have reported a wider tissue distribution: GHSR mRNA was
detected in many organs such as the heart, lung, liver, kidney, pancreas, and adipose
tissue, indicating that ghrelinmay have multiple functions in these tissue¢Kojima and
Kangawa, 2005) Very low GHSR expression levels have been detected in white adipose

tissue and brown adipose tissuéSunet al, 2007; Davieset al, 2009; Linet al, 2011).

The fact that 7F2 cellaand 7F2 cellderived adipocytes expressshrl, Ghsrand Mboat4 at
the mMRNA level suggests that they may produce acylated ghrelin, and that this hormone
may have aute and/or paracrine effects. This is consistent with previous studies that
demonstrated that ghrelin, apart from its role in regulating GH release, food intake,
energy balance and glucose metabolism, also has functions in bone, stimulating
osteoblast proliferation and differentiation in rats, mice, and humangChoi et al,, 2003;
Kim et al, 2005;Maccarinelli et al, 2005; Delhantyet al, 2006). Ghrland Mboat4 mRNA
expression has been demonstrated in mice by othe(®elhanty et al, 2014a; Hopkinset
al., 2017). Although some studies did not detect GHSR1a mRNA in bone cells from
human (Delhanty et al,, 2006), rat and mouse(Costaet al, 2011), others have detected
GHSR1a mRNA insteoblasts frommice (Kim et al, 2005; Delhantyet al., 2014b), rats
(Fukushima et al, 2005) and humans (Costaet al, 2011). Interestingly, in humans,
GHSR was onlyound to be expressed in 2830% of bone marrow and osteoblasts

samples (Costa et al, 2011); Ghsrmay be expressed by a subpopulation of cells, or
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expression varies among individuals, which could explain why some studies do not
detect GhsrmRNA while others do. Also, acylated ghrelin and unacylated ghrelin were
shown to induce proliferation of osteoblasts even when GHSR1a expression was not
detected, suggesting the existence of another recept¢Delhanty et al, 2006). Here,
Ghsrexpression was detected athe mRNA level but the bands were relatively faint in
comparison to ghrelin, suggesting it may not be highly expressed. This was confirmed
by gRT-PCR analysis. If ghrelin has an effect on 7F2 cells, it may be mediated by
another receptor. Finally, of the ariant isoforms of ghrelin expressed by 7F2 cells may
encode for a peptide that retains the first 12 amino acids of native ghrelin, including the
third serine residue that can be acylated by GOAT; hence, this variant, if expressed at
the protein level, may be acylated, binl GHSR1a or another receptor, and exert
biological functions in 7F2 cells.

Several studies report GHSIhdependent effects of acylated ghrelin in various tissues,
including fat and bone(Thompson et al, 2004; Delhantyet al, 2006; Costeet al,, 2011;
Parsonset al, 2015). Ghrelin is very likely to have other receptors. Unacylated ghrelin,
which is almost inactive at GHSR1a, has been reported to mimic the effects of acylated
ghrelin in several tissues, even in the absence of GHSR1a, aoylated ghrelin binding
seems to be competitively reduced by unacylated ghrelin. Unacylated ghrelin may also
have specific receptors at which acylated ghrelin is inactiv€Callaghan and Furness,
2014). In addition, GHSR1a and GHSR1b form heterodimers witkher GPCRswhich
have different pharmacological properties and mediate effects on various processes
such as lipid accumulation, myoblast differentiation, osteoblast proliferation, insulin
secretion, cardioprotection, and tumour cell proliferation (Callaghan and Furness,
2014).

4.4.2. Ghrelin treatment promotes ghrelin mRNA expression

The aim of this chapter was also to study whether ghrelin treatment affected the mRNA
expression levels of the key genes from ghrelin signalling, i.€6hst Ghrl, and Mboat4.
gRT-PCR analysis showed no effect of 20 nM ghrelin on the expression levelsGifsr
and Mboat4, which were relatively low. On the contrary, 20 nM and 200 nM ghrelin
clearly upregulated the expression ofGhrl, in particular the isoforms that retained
Intron 2, suggesting a positive feedback loop and that this variant isoform of ghrelin

may play an important role in bone metabolism.

Recently, it has been demonstrated that the ghrelin gene is very complex and gives rise

to many transcripts, notably in miceand humans; some retain introns, and some exons

92



Chapter 4z 7F2 osteoblastlike cells and 7F2 cellderived adipocytes expressshsy
Mboat4 and several isoforms ofGhrl

are deleted in other variants(Kineman et al, 2007; Seimet al, 2007, 2016; Gahetet
al., 2011). Some of these variant isoforms of ghrelin can have biological functions. For
example, Inkghrelin is upregulated in various types of cancers, and promotes cancer
progression (HormaecheaAgulla et al, 2017). One of the variants expressed by 7F2
cells contains exon 1, intron 1, exon 2, intron 2 and exon 3, and may also contain exons
4 and 5. Prediction of proten sequence from a transcript containing exon 1, intron 1,
exon 2, intron 2, exon 3, exon 4 and exon 5 would contain four ORFs; two of them
would encode short novel peptides of 15 and 28 amino acids. Another ORF would give
rise to a peptide that is encodedoy exon 2 and part of intron 2; this peptide would
retain the signal peptide, as well as the first 12 amino acids of native ghrelin. This
putative peptide has been predicted in another study that identified an Inghrelin
variant (Kineman et al, 2007), which contains exon 2, intron 2 and exon 3, but lacks
exons 1, 4 and 5. However, the putative peptide encoded by this variant has yet to be
identified at the protein level. The fourth ORF predicted in the 7F2 cells transcript
would give rise to a 46 amino aid peptide that is encoded by exons 4 and 5; this
putative peptide sequence does not align significantly with any known peptide in mice.
Despite being encoded by exons 4 and 5, it does not correspond to obestatin sequence
due to a translational frameshift.If one or several of these ORFs encode a peptide, this
novel isoform of ghrelin could have osteoblasspecific effects, and could be involved in

the effects of ghrelin in bone.

4.4.3. Chapter conclusions

The hypothesis that 7F2 osteoblaslike cells and7F2 cellderived adipocytes expressed
the three genes from ghrelin signalling, i.eGhrl, Ghsrand Mboat4, at the mRNA level
was verified. It was shown in this section of work that 7F2 cells and 7F2 ceflerived
adipocytes expressGhst Mboat4 and GhrlmRNA, althoughGhsrand Mboat4 expression
levels were low. This suggests that, if ghrelin has any effect on 7F2 cells, these effects
may be mediated by a receptor other than GHSR1&he hypothesis that ghrelin
treatment exerted some feedback on their expressi levels was also verified, as
treatment with 200 nM ghrelin significantly increased Ghrl mMRNA expression in both
7F2 cells an 7FZell derived adipocytes.

In addition, this study shows for the first time that 7F2 cells and 7F2 ceterived
adipocytes expess several variant isoforms of ghrelin, one of which contains exon 1,
intron 1, exon 2, intron 2 and exon 3, and may contain exons 4 and 5. This previously

un-reported isoform was more highly expressed than native ghrelin. Ghrelin treatment
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increased themRNA expression ofshrl, especially that of the variant isoform retaining
intron 2. This suggests that this variant isoform may play an important role in 7F2 cells.
However, it was only detected at the mRNA level, and it would be interesting to study
whether this variant isoform is expressed at the protein level, and whether it is

acylated by GOAT, like native ghrelin.

Having identified that 7F2 cells and 7Fzell derived adipocytes expressed genes from
ghrelin signalling, the next stage was to test whethreghrelin had any effect on the

proliferation and adipogenic differentiation of 7F2 cells.
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Figure 4.2: RTPCR for the genes from ghrelin signalling

MRNA was extracted from 7F2 cells cultured with basgdBM) or adipogenic medium(AM) for 7

days. APCR with cDNA sample®: PCR with corresponding no RT controls.
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Figure 4.3: gRTPCR analysis o&hrlexpression in 7F2 cells treated with ghrelin

7F2 cells were cultured for 7 days with basa(BM) or adipogenic medium(AM), with or without 20 nM or 200 nM ghrelin. After 7 days of culture, RNA
was extracted and gene expression was analysed using ¢gRTR. ARaw Ct values and fold changes. B: Graph showing mean Ct valie3Dfor each
condition (n = 2; 3replicate samples per condition; each samplewasrut ET A ODPI E A A OdhdGamdsHohd posSt-hat laral@sl. C:Expression
of Ghrl normalised to HPRT1(top) and to EEF2(bottom) . Data are fold change + SD; numbers above the horizontal lines are p values=(2; 3replicate

samples per condition, each sample was run in duplicateKruskal-Wallis + Dunn tests).
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Figure 4.4: gRT-PCR analysis oGhsrexpression in 7F2 cells treated with ghrelin

7F2 cells were cultured for 7 days with basa(BM) or adipogenic medium(AM), with or without 20 nM or 200 nM ghrelin. After 7 days of culture, RNA

was extracted and gene expression was analysed using ¢gRTR.A: Raw Ct values and fold changes. B: Graph showing mean Ct values + SD for each
condition (n = 1; 3replicate samples per condition, each sample was runn duplicate; KruskatWallis test). C: Epression of Ghsrnormalised to HPRT1

(top) and to EEF2 (bottom). Data are fold change + SD (n = Iredlicate samples per condition, each samplex A0 O0O1T ET AOPI EAAOAN 7AI1 Al
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Figure 4.5: gRT-PCR analysi®f Mboat4 expression in 7F2 cells treated with ghrelin

7F2 cells were cultured for 7 days with basa(BM) or adipogenic medium(AM), with or without 20 nM or 200 nM ghrelin. After 7 days of culture, RNA

was extracted and gene expression was analysed usigiRT-PCR.A: Raw Ct values and fold changes. B: Graph showing mean Ct values + SD for each

condition (n = 1; 3replicate samples per condition, each sample was run in duplicate; Krusk&Vallis test). C: Epression ofMboat4 normalised to HPRT1

(top) and to EEF2 (bottom). Data are fold change + SD (n = 1replicate samples per condition, each sapies was run in duplicate; ANOVA tedor data

normalised to HPRT1; KruskalWallis test for data normalised to EEF2).
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Figure 4.6: Characterisation of the ghrén variant expressed in 7F2 cells by RPCR

analysis (part 1)

7F2 cells were cultured for 7 days with basal (BM) or adipogenic (AM) medium, with or without

200 nM ghrelin. After 7 days, RNA was extracted and FAICR analysis was performed with

various setsof primers spanning the ghrelin gene.
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Figure 4.6: Characterisation of the ghrelin variant expressed in 7F2 cells by FACR

analysis (part 2)

7F2 cells were cultured for 7 days with basal (BM) or adipogenic (AM) medium, with or without

200 nM ghrelin. After 7 days, RNA was extracted and RFCR analysis was performed with

various sets of primers spanning the ghrelin gene.
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Figure 4.6: Characterisation of the ghrelin variant expressed in 7F2 cells by FACR

analysis(part 3)

7F2 cells were cultured for7 days with basal (BM) or adipogenic (AM) medium, with or without
200 nM ghrelin. After 7 days, RNA was extracted and FACR analysis was performed with

various sets of primers spanning the ghrelin gene.
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Figure 4.7: No RT controls for the ghrelin vdaants (part 1)

7F2 cells were cultured for 7 days with basal (BM) or adipogenic (AM) medium, with or without

200 nM ghrelin. After 7 days, RNA was extracted and FACR analysis was performed for the no

RT controls, with various sets of primers spanning te ghrelin gene.
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Figure 4.7: No RT controls for the ghrelin variantgpart 2)

7F2 cells were cultured for 7 days with basal (BM) or adipogenic (AM) medium, with or without
200 nM ghrelin. After 7 days, RNA was extracted and RAICR analysis was performetbr the no

RT controls, with various sets of primers spanning the ghrelin gene.
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5.1. Introduction

5.1.1. Katp channels

Kate channels are a subfanty of inwardly -rectifying potassium (Kir) channels (Hibino
et al, 2010). The property of inward rectification refers to the current-voltage
relationship of these channels; when the current flowing through the channel is plotted
against membrane potential,the inward (negative) current is much larger than the
outward (positive) current. In other words, these channels conduct larger inward
currents at membrane voltage negative to the potassium equilibrium potgial, than
outward currents at more positive voltages. Inward rectification is not an inherent
property of the protein itself which forms the channel(Lopatin et al, 1994); rather, it is
caused by intracellular cations (such as M¢) and polyamines, which block the outward
flow of potassium ions in a wltage-dependent manner by binding to the inner ion

conducting vestibule of the channel.

Kae AEATT AT O AOA OxAAESG OAAOCEZAEAOOR AG OEAU
AOOOAT Oh xEEI A OO Ok dhaghoels OpkrApdntaedusyCn irsidd T 1 08
out membrane patch, and they control the resting membrane potential. Thegre

sensitive to changes in [ATR] their opening is inhibited by intracellular ATP and
activated by intracellular nucleosidediphosphates (NDP), such as AD@ibino et al,

2010). They are composed of 4 Kir6.x subunits (Kir6.1 or Kir6.2), and 4 sulfonylurea
receptor (SUR) subunits (SUR1, SUR2A and SUR2B). The Kir subunits have two
transmembrane domains, which are the pordorming subunits and contain the ATP

binding site, which is Iacated at the interface between the Nand Gtermini (Hibino et

al., 2010); Kir6.1 is encoded byKcnj8 and Kir6.2 is encoded byKcnjll. The SUR
subunits are regulatory and are encoded by two genesbcc8(SUR1) andAbcc9 which

has several isoforms, includig SUR2A and SUR2B; they possess two binding domains

for nucleotides (figure 5.1) (Hibino et al, 2010).

Kate channels can be subcategorised into smaller conductance Kir6.1 channels 380
pS) or larger conductance Kir6.2 channels (6% 80 pS), accordig to their subunit
composition and their pharmacology. It is possible to construct Kir6.1/6.2 heteromers
in vitro (Pountney et al, 2001); but the presence of such heteromeric channeis vivo
remains controversial (Hibino et al, 2010). Kare channels arevoltage-independent;
they are inwardly-rectifying at depolarising potentials, due to blockage by Mgions in

the pore (Lopatin et al, 1994). The accessory SUR subunits are targets for drugs that
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can open or block K channels; Kp channels are all senigive to inhibition by
sulphonylurea drugs such as glibenclamide and tolbutamide; but they do not respond
to the same Krp channel openers. For example, pinacidil activates channels built with
SUR2 but not SUR1, and the effect is greater for SUR2B thanSoiR2A(Babenkoet al,
2000); diazoxide activates both SUR1 and SURPBribble Fiona M.et al, 1997; Shyng
et al, 1997). Hence, different combinations of Kir6.x and SUR subunits lead to tissue
specific Kare channels with particular physiological and phamacological properties
(Inagaki et al, 1996; Seincet al,, 2000).

Kate channels are present in many cells and regulate a variety of cellular functions by
coupling cell metabolism with membrane potential. For example, they play an
important role in glucose-mediated insulin secretion(Ashcroft, 2005; Diehlmannet al.,
2011; Rorsman and Ashcroft, 2018) genetic modification of Kir6.2 or SUR1 leads to
various phenotypes of glucose homeostasis disorders (Hibinet al, 2010), and a
mutation activating Kir6.2 causes permanent neonatal diabetes (Gloyat al, 2004).
Kate channels are expressed in osteoblasts, osteoclasts, and adipocyteisbino et al,
2010), where they have roles in cell proliferation, secretion, and metabolism. A study
showed that human MSCs g¢xessed Kir6.1, Kir6.2 and SURZ2A; upon adipogenic
differentiation, Kir6.1 and SUR2A were downregulated; upon osteogenic
differentiation, Kir6.2 was strongly upregulated (Diehlmann et al, 2011). Changes of
Kate channel expression suggest that these chanmelmay contribute to in vitro
differentiation of MSCs. Another study showed that Kir6.1 and SUR2B were expressed
in human adipose tissue, but not SUR1, SUR2A or KirgRabrielssonet al., 2004). Katp
channels are involved in mediating ghrelin signalling il D AT A Qoklls,O=A 1
channels composed of Kir6.2 and SUR1 subunits, mediate the inhibition of insulin
secretion by ghrelin(MacDonald and Wheeler, 2003; Dezakit al., 2007).
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Extracellular

Rl R M R

Intracellular

Figure 5.1: Kare channel structure

A: Top view of a functional Kre channel. Karp channels are heterooactamers composed of 4
Kir6.x subunits and 4 SUR subunits. B: Molecular constituents of#& channels. Each SUR unit
has 2 nucleotidebinding domains (NBD). SUR2A and SURZ2B differ in the CO@Hninal 42
amino acids (C42). TND: transmembrane domain. Adapted fronfHibino et al,, 2010).
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5.1.2. BK channels

Also called ksl.1, Big K channels, or ma¥ channels, BK channels ardarge
conductance calciurmactivated and voltagesensitive potassium channels: they are

activated by micromolar increases in intracellular C&* concentration, sensitive to

changes in membrane potential (depolarisation), and are responsible for negative
feedback of Ce entry (Lee and Cui, 20103 4EAU AOAsudhi®iwhichard U 1
pore-forming and encoded byKcnmall AT A 1 A OQ@E | -subudits,fencadddC O1 A D1
by Kecnmbi1to Kenmb4(see figure 5.28 4 Bubunits are structurally similar to those

of the voltagedependent K channels; they are composed of 7 transmembrane domains

(S0 z S6) and havean extracellular Nterminus, contrary to other Kca channels. S4

contains positively charged arginine and lysine residues which are responsible for the

voltage sensitivity of the channel, and S S6 contain the poreforming loop and the K

selective regior8 4 E A -sdBur@canr be homotetrameric or heterotetrameric,

which modulates the activity of the ion channel, particularly the sensitivity to activating

or inhibitory ligands.

BK channels are expressed in many cell typé&eet al, 2014). Alternative splicing and
the various patterns of expression of the regulatory subunits give rise to many
subtypes of BK channels, allowing them to have different biophysiological properties in
different tissues and modifying the susceptibility to various channel modators (Li,
2012; Kyle and Braun, 2014) BK channels have conductances in the range 13@00
pS, although typically > 200 pS. They are sensitive to inhibition by the scorpion
peptides charybdotoxin, which blocks BK channels and other types of voltagmated
potassium channels, and iberiotoxin, which is a specific blocker ofiost BK channels
(Wang et al, 2014; Yuet al, 2016). They are also sensitive to the naspecific K
channel blocker tetraethylammonium (TEA)(Henney, 2008)

The poreforming subunit KCNMA1 is widely expressed in most cells and tissues,
including neuronal cells, vascular smooth muscle cells, endothelial cells, and bone cells
(Henney et al, 2009; Zhanget al, 2014). BK channels are also expressed in human
preadipocytes and osteoblastgWann et al, 2004; Hirukawaet al, 2008) and in human
MSCs(Li et al, 2005). BK channels are involved in human bone marrowerived MSC
proliferation and differentiation (Zhanget al, 2014): silencing BK channels significantly
reduces adipogenic differatiation, with decrease of lipid accumulation and expression

I £ AAEDT AUOGEA | AtQIHAO akso sh@veddhat siledcingdBK channels

decreases osteogenic differentiation with reduction of mineraiation and osteocalcin
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secretion. Other studes showed that BK channels regulate preadipocyte proliferation
(Hu et al, 2009), osteoblast and osteoblaslike cell proliferation, osteoblast
differentiation and mineralisation (Henney et al, 2009; Li, 2012) and osteocalcin
secretion (Moreau et al, 1997; Henney, 2008) This indicates that BK channels play an
important role in maintaining bone marrow physiological function and bone

homeostasis(Zhanget al, 2014).

Extracellular

a subunit (3 subunit

R Rl DR |

Intracellular

Figure 5.2: BK channel structure

Molecular constituents of BK channels, which are conipOA A I0BAOT E O Gsubhiditd 1 7
VSD: voltagesensor domain; PGD: porgate domain; RCK: regulator of Kconductance. Adapted
from (Li and Yan, 2016)

5.1.3. Chapter hypothesis, objectives and experimental strategy

As mentioned in the main introducton (chapter 1, sectionl.4.2), ghrelin is an essential
player of bone homeostasis, affecting both osteoblastogenesis and bone marrow
adipogenesis, and ion channels are also involved in regulating cell proliferation and
differentiation, including in bone. Do ghrelin and potassium channels play a role in 7F2
cell proliferation and adipogenic transdifferentiation?

The objective of this chapter was to investigate whether ghrelin and potassium channel

ligands can influence 7F2 cell numbers and adipogenic diffantiation, using cell
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counting, Oil Red O staining and RPCR and gRIPCR tools. The effects of ghrelin
treatment on cell numbers, lipid content and mMRNA expression of differentiation
markers were analysed; the hypothesis was that ghrelin could inhibit 7F cell
adipogenic differentiation. The mMRNA expression of several potassium channel
subunits was investigated using RIPCR, and the effects of potassium channel ligands
on lipid content and cell numbers were tested. The hypothesis was that potassium
channd blockers could inhibit 7F2 cell adipogenic differentiationand that potassium
channel openers could promote 7F2 cell adipogenic differentiatian
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5.2. Materials and Methods

5.2.1. Cell culture
5.2.1.1. Adipogenic differentiation and ghrelin treatment  of 7F2 cells

7F2 cells wereseeded at a density of 2500 cells/cmZand cultured with basal and
adipogenic medium as described in sectior2.1, and treated with 20 nM or 200 nM
ghrelin (Cambridge Bioscience) for 7 days. After 7 days of culture, 7F2 cells were
stained with Oil Red O as described in sectidhl.

5.2.1.2. Cell counting

See sectior?.2.

5.2.1.3. Inhibition of GHSR

7F2 cells were cultured with basal and adipogenic medium as described previously,
and treated with 20 nM ghrelin with or without 1mM of the GHSR blocker EBLys3]
GHRP6 (DLS, from Sigma). After 7 days of culture, mMRNA was extracted and analysed
by RT-PCR and qRIPCR.

5.2.1.4. Treatment with tetraethylammonium (TEA)

A 3 mM stock solution of TEA was prepared byissolving 24.855 mg of TEAn 45 ml of
1-MEM. Medium was then filtered, then supplemented with 5 ml FBS (final
concentration 10%). 7F2 cells were plated into 12vell tissue culture plates (Fisher
Scientific) at a density of 2500 cells/cm? in basal or adipogenic medium with or
without TEA at various concentrations (0.3 mM, 1 mM and 3 mM). Cells were incubated
as usual for 7 days with medium replacement every-3 days. Pictures were taken daily
under a microscope at a 200x magnificationexcept on weekends. After 7 days, the
cells were stained with Oil Red O as described in sectiéhl.2.2 Cells were counted as

described in section2.2.

5.2.1.5. Treatment with diazoxide

A 40 mM stock solution of diazoxide was prepared by dissolving 92 mg of diazoxide in
1 ml of DMSO. 7F2 cells were g@iled into 12-well tissue culture plates (Fisher Scientific)
at a density of 2500 cells/cmz in basal or adipogenic medium alone for 3 days; then the

cells were cultured with basal or adipogenic medium with or without diazoxide at
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various concentrations (1 M, 10 uM and 100 pM), or with DMSO alor{@.25%), for the
last 4 days of culture. After 7 days of culture, the cells were stained with Oil Red O as

described in section2.1.2.2

5.2.2. Molecular biology

5.2.2.1. RNA extraction, DNAse treatment and reverse transcription
See section®.3.1and 2.3.2.

5.2.2.2. PCR

5.2.2.2.1. Oligonucleotide primers

Seesections 8.1.1and 8.1.5.

5.2.2.2.2. PCR reaction compositions and conditions

The PCR reaction composition is described in secti@3.3. The PCR reaction catitions
were optimised and are detailed in table5.1. Nucleasefree water was used as a
negative control and three housekeeping genesHprtl, Eef2and Gapd, were used as

positive controls.

112



Chapter 5z The influence of ghrelin and Kchannel ligands on adipogenic

differentiation of 7F2 cells

Hprtl and Gapdh primers :

Step Temperature °C Time No. of cycks
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 58 30s 30
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Eef2, Runx2, Alpl, and Cebpaprimers :

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 58 30s 35
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Osteocalcin primers (both sets) :

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Anneding 58 30s 40
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Glut4, Kcnj8, Kenjll, Kend2, Kenmal, Kenmbl, Kecnmb2, Kenmb3 and Kenmb4

primers :

Step Temperature °C Time No. of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30s

Annealing 56 30s 40
Extension 68 30s

Final extension 68 5 min 1
Soak 4 Indefinite

Table5.1: PCR reaction conditions

5.2.2.2.4. Gel electrophoresis

See section 2.3.4.
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5.2.2.3. Quantitative PCR

See sectior?.3.5.

5.2.3. Statistical analysis

Statistical analysis was performed as described in section 2.3.7. Data were expressed as

i AAT m OOAT AAOA AAOGEAOQOET TN OEA 10i AAO 1T £ OAE
were tested by ANOVA tests (with Tukeramer post-hoc analysis), Kruskalwallis

tests (with Dunn postE T A AT A1 UOEOQ AT A 7 A-HAwBIGGsthdcl T OA |
analysis). In qRTPCR experiments, the statistical analyses were performed using raw

Cr values and fold changes. P values lower than 0.05 were considered as statistically

significant. The calculations were performed using the R softwareh{tps://www.r -

project.org/, version 3.5.3).
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5.3. Results

5.3.1. Effects of ghrelin on 7F2 cells and 7F2 cell -derived adipocytes
5.3.1.1. Effects of ghrelin on cell number

7F2 cells were cultured with basal or adipogenic medium, with or without 20 nM
ghrelin, for 7 days; after 7 days of culture, cells were counted usirrghaemocytometer
(figure 5.3). As observed previouslyafter 7 days of culture, the mmber of cells was
significantly lower in wells cultured with adipogenic medium compared with basal
medium (p <0.0001; n = 9, 3 replicates per condition; KruskaWallis and Dunn tests)
Adding ghrelin to basal or adipogenic medium did not seem to affecelt numbers

compared to basal or adipogenic medium alone, respectively.

5.3.1.2. Effects of ghrelin on adipogenic differentiation
5.3.1.2.1. Effect on lipid content

7F2 cells were cultured with basal or adipogenic medium, with or without 20 nM
ghrelin, for 7 days and pictures were taken daily, except on weednds. Figure5.4A
shows pictures of cells taken at days 2, 4 and 7 of culture. Similarly to previous
experiments, lipid droplets began to appear in cells at day 2 and continued growing
over the length of the treatment in 7F2 cells cultured with adipogenic medium.
Similarly, in 7F2 cells cultured with adipogenic medium + 20 nM ghrelin, lipid droplets
began to form at day 2 of culture and became larger over time. No difference was
observed between 7F2 cd$ cultured with basal medium alone or with basal medium +
20 nM ghrelin. After 7 days of culture, the ctd were stained with Oil Red O (figure
5.4B). Again, no difference was observed between 7F2 cells treated with ghrelin, and
cells cultured in the abgnce of ghrelin. This was confirmed by extracting and
quantifying the Oil Red Ostain by measuring the absorbance at 490 nnfigure 5.4.Q;
there was no difference between adipogenic medium alone and adipogenic medium +
20 nM ghrelin (p = 0.3198, n = 11, 3eplicates per condition, KruskalWallis test and
Dunn posthoc analysis) and no difference between basal medium alone and basal
medium + 20 nM ghrelin (p = 0.2015, n = 1,13 replicates per condition Kruskal-Wallis
test and Dunn posthoc analysi9. Simiar results were obtained when treating the cells
with 200 nM ghrelin (figure 5.5) (n = 1, 3 replicates per condition ANOVA test and

Tukey-Kramer posthoc analysis.
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5.3.1.2.2. Effect on differentiation marker mRNA expression

To further assess the effec of ghrelin treatment on the adipogenic differentiation of
7F2 cels, the mRNA expressiomnf several osteoblastic and adipogenic differentiation
markers was analysed using RTPCR and gRIPPCR. 7F2 cells were cultured for 7 days
with basal or adipogenic medum, with or without 20 nM or 200 nM ghrelin. Figure5.6
shows pictures of agarose gels for two osteoblastic markers, Runx2 and ALP, and two
adipocytic markers, PPAR and C/EBR . The bands corresponding to Runx2 and ALP
appeared less intense when the cells were cultured with adipogenic medium; whereas
the band corresponding to ALP was more intense in cells cultured with basal medium
containing ghrelin compared to cek cultured with basal medium alone. On the
contrary, PPARand C/EBR 1 2. ! AGPOAOOEI T xAO OPOACOI AOA
adipogenic medium compared with basal medium; this effect was attenuated in 7F2

cells cultured with adipogenic medium + 20 nM ghréh.

The mRNA expressions of osteoblastic and adipogenic markers were also analysed

using gqRTPCR (n=2 3 replicate samples per condition; each sample was run in

duplicate in each assay (figure 5.7). 7F2 cells were treated with 20 nM or 200 nM

ghrelin. Osteocalcin mMRNA expressionwas higherin 7F2 cellstreated with 20 nM and

200 nM ghrelin in both basal medium and adipogenic medium, but the differences were

not significant (p = 0.23, Kruskalwallis test). Similarly, 20 nM and 200 nM ghrelin did

not significantly affect ALP mRNA expression (p = 0.11, KrusKkélallis test). Runx2

MRNA expression was significantly lower in 7F2 cells cultured with adipogenic medium

(0.21 + 0.49) compared to cells cultured with basal medium 1 = 0;73; p = 0.0073,
Kruskal-Wallis test and Dunn posthoc analysis), but 20 nM and 200 nM ghrelin had no

significant affect on Runx2 mRNA expression levelgfigure 5.7. B) The mRNA
AGDOAOCOEIT T &£ #T%" 01 xAO EECEAO ET x&c¢ AAII
(10.47 + 0.48) compared to cells cultured with basal medium alone I + 0.74;

p = 0.0003, KruskaiWallis test and Dunn posthoc analysis);C/EBP;, A@DOAOOEI 1T x
also higherin cells cultured with adipogenic medium + 20 nM ghrelin(39.56 + 0.10)

compared to cells cultured basal medium + 20 nM ghrelinl(36 + 0.46; p = 0.0005,
Kruskal-Wallis and Dunn tests) anchigher in cells cultured with adipogeric medium +

200 nM ghrelin (13.95+ 0.19) compared to cells culturedwith basal medium + 200 nM

ghrelin (1.02 £ 0.55; p =0.0052, KruskatWallis and Dunn tests) respectively (figure

5.7.D). However, 20 nM and 200 nM ghrelin had no significant effect on¥C%6" 0 4
expression compared to basal or adipogenic medium alone&imilar results were

i AGAET AA &I O 00! 2r APDOAOOEIT j AECOOA uv8x8$Q
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5.3.1.2.3. The effects of ghrelin in 7F2 cells may be mediated by GHSR

To test whether the effects of ghrelin on the mRNA expssion of differentiation

markers were mediated by GHSR, a blocker of GHSHLi3] GHRP6 (DLS, 1 mM) was

added to basal medium and adipogenic medium containing 20 nM ghrelin. 7F2 cells

were cultured for 7 days and RNA was extracted and analysed using-RCR and gRT

PCR. These experiments were only performed once. mRNA expression of differentiation

markers was analysed using RFPCR and photographs of agarose gels are shown in

figure 5.8. When 7F2 cells were treated with adipogenic medium, the bands
corresponding to osteoblastic markers osteocalcin Runx2 and ALP PCR products
APPAAOAA EAET OAOh xEEI A OEA AAT A0 Al OOAODPI T A
and Glut4 PCR products appeared more intense. In cells cultured with adipogenic

medium + 20 nMghrelin, the bands corresponding to osteoblastic markers appeared

even fainter, except for ALP. However, in the presence of 1 mM DLS, these bands
appeared more intense, except for ALP. Similarly, in cells cultured with adipogenic

medium + 20 nM ghrelin, the bads corresponding to adipocytic markers appeared

Ol ECEOI U i1 0A ET OAT OAh AgAADPO A O 00! 2rh A
in the presence of 1 mM DLS. No RT controls are shownfigure 5.10; no PCR product

was observed for any of the differetiation markers.

gRT-PCR analysis on differentiation markers was also performed to test the effects of 1
mM DLS on mRNA expression leveldiqure 5.9). Adipogenic medium decreased the
expression levels of Runx2 and ALP by 80% and 60% respectively, whiteetexpression

I £ #7T%" 0y AT A 00!2r xAOA OAOPAAOGEOGAI U OAT Ol
basal medium. When the cells were cultured with adipogenic medium + 20 nM ghrelin,
the expression levels of both osteoblastic and adipocytic markers were increed
compared to the expression levels in cells cultured with adipogenic medium alone.
However, in cells cultured with adipogenic medium + 20 nM ghrelin + 1 mM DLS, the
expression levels of all markers were decreased compared to cells cultured with
adipogernic medium + 20 nM ghrelin, without DLS. Expression levels of all tested
markers were lower in cells cultured with basal medium + 20 nM ghrelin + 1 mM DLS

compared to cells cultured with basal medium + 20 nM ghrelin, without DLS.
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5.3.1.3. lonic mechanisms in 7F2 cells and 7F2 cell derived adipocytes, and the

effects of ghrelin on these

5.3.1.3.1. Krpchannels

MRNA was extracted from 7F2 cells cultured for 7 days with basal or adipogenic
medium, with or without 20 nM ghrelin. RT-PCR analysis was performedof the Karp
channel subunits figure 5.11): the two pore-forming subunits Kir6.1 (Kcnj8) and Kir6.2
(Kcnj1l) (figure 5.11A); and the regulatory subunits SUR1Abcc§, and SUR2 Abcc9,
which has several isoforms figure 5.11B). Two sets of primers were ged for SUR2
(Abcc9: the first one detected SUR2 mRNA for all isoforms, while the second one
allowed to distinguish between the two isoforms SUR2A and SUR2B, with PCR product
expected sizes of 397 bp and 221 bp, respectivel{cnj8 was detected at the mRN
level (figure 5.11A), but the results were inconsistent: on some repeats, no PCR
product could be detected, while on other repeats, one or several bands were detected,
one of which corresponded to the expected size (155 bpcnjl1mRNA expression was
not detected on the various repeats (n = 6) in cells cultured with basal or adipogenic
medium alone in the early stage of this study, so it was not tested in cells treated with
ghrelin. The regulatory subunit SUR1Abcc§ was also not detected at the mRN/AeVel
(figure 5.11B). SUR2 Abcc9 mRNA expression was detected; RPCR analysis with the
second set of primers showed a band at 221 bp, which was the expected size for the
SUR2B subunit.

gPCR analysis was performed for the 4 channel subunits that weredetected at the
MRNA level: Kir6.1 Kcnj8) and SUR2 Abcc9, with the first set of primers only, which
detects all SUR2 isoforms at the mRNA levdidure 5.12). qPCR data confirmed that
Kcnj8 mRNA expression was low, with mean Cts of 29.52 for 7F2 cetlsltured with
basal medium, 30.85 for 7F2 cells cultured with adipogenic medium, 28.63 for 7F2 cells
cultured with adipogenic medium + 20 nM ghrelin, and 32.20 for 7F2 cells cultured
with basal medium + 20 nM ghrelin (n = 1 3 replicate samples per condibn; each
replicate sample was run in duplicat¢ (figure 12.A). Abcc9 expression levels were
significantly higher in 7F2 cells cultured with adipogenic medium+ 20 nM ghrelin
(166.96 + 0.13) compared to cells cultured with basal medium+ 20 nM ghrelin (31.13 £
0.14; p = 0.0248; Kruskal Wallis and Dunn testsy) = 1, 3 replicate samples per
condition; each replicate sample was run in duplicafg and higher in cells cultured with

adipogenic medium +200 nM ghrelin (202.48 £ 0.31) compared to cells cultured with
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basal medium + 200 nM ghrelin(32.94 + 0.27; p = 0.0163, KruskalWallis and Dunn
tests) (figure 12.B).

5.3.1.3.2. BK channel

MRNA was extracted from 7F2 cells cultured for 7 days with basal or adipogenic

medium. RFPCR analysis was performed for the Bkhannel subunits figure 5.13): the

poreEl Of ET C 1 OOA oAl AA TAA TOREARA /A (D O-4 ibugidi A OT OU
encoded byKcnmblto Kcnmb4 A band of 167 bp was observed in most repeats for

Kcnmal, it appeared fainter for 7F2 cells cultured with adipogenic medium compared

with basal medium. No band was detected foKcnmbl, Kcnmb3and Kcnmb4 A faint

band corresponding to 155 bp was observed fakcnmb?2

gPCR analysis was performed for the BK channel subuifcnmal(n = 1, 3 replicate
samples per condition; each replicate sample wasin in duplicate) (figure 5.14). The
mean Cts were relatively high, indicating that th&KcnmalmRNA expression level was
low. Kcnmal mRNA expression waslower in adipogenic medium (0.18 + 021)
compared with basal medium(1 + 049; p = 0.04, ANOVA test ahTukey-Kramer post
hoc analysis) which is consistent with the RTPCR data, but it was restored when the
cells were cultured with adipogenic medium containing 20 nM ghrelin0.99 £ 0.30)
KcnmalmRNA expression was upregulated in cells cultured with basahedium + 20

nM compared with basal medium alone.

5.3.2. Pharmacological modulation of K + channels: effect on adipogenesis

Having detected the expression of various ion channel subunits by HPICR, the next

step was to investigate whether drugs which modifithe activity of these ion channels

could affect cell processes such as proliferation and differentiation, using
tetraethylammonium (TEA), which is a generic blocker of voltagelependent and Cat-

activated K+ channels, and diazoxide, which is adfe channd opener.
5.3.2.1. Effects of TEA
5.3.2.1.1. TEA decreases the amount of lipids in 7€2ll derived adipocytes

7F2 cells were cultured with basal or adipogenic medium, with or without TEA at
various concentrations (0.3 mM, 1 mM and 3 mM), for 7 dayBigure 5.15A, B and C
show pictures of the cells at days 2, 4 and 7 of culture. In 7F2 cells treated with

adipogenic medium, lipid droplets began to appear around day 2 of treatment and grew
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in size and number over the rest of the treatment. Treating 7F2 cellsvith TEA did not
prevent the apparition of lipid droplets; however TEA seemed to limit the size of these
lipid droplets. This effect was concentratiordependent and was particularly visible in
cells cultured with adipogenic medium containing 3 mM TEA. Thiwas confirmed by
Oil Red O staining after 7 days of treatment; the cells cultured with adipogenic medium
containing TEA possessed smaller lipid droplets than the cells cultured with adipogien
medium alone (figure 5.15.D). The Oil Red Gstain was extraced and quantified by
measuring the absorbance at 490 nm; data are presented in figubel5E (n = 4, with 2-
3 replicates percondition); data were normalised to basal medium in figur&.15F. The
absorbance value was relatively high{> 0.11) in cells cultured with basal mediumdue
to the presence ofmany Oil Red Ocrystals in the wells despite repeated washings.
Quantification of Al Red Ostain did not show any significant difference between the
cells treated with the various concentrations of TEAp = 0.64, KruskatWallis test), but
a trend could be seen, especially for cells cultured with adipogenic medium + TEA: the

amount of Oil Red Gstain decreased with increasing concentrations of TEA.

5.3.2.1.2. TEA decreases cegltoliferation

7F2 cells were culured for 7 days with basal or adipogenic medium, with or without
various concentrations of TEA, for 7 dayd-igure 5.15.A shows pictures of the cells at
days 2, 4 and 7 of culture TEA decreased cellproliferation in a dosedependent
manner. This was confimed by counting the cells, using a haemocytometealthough
the differences in cell numbers were not statistically significant{p = 0.06, Kruskal

Walllis test, n = 1, with 2 replicates per conditionjfigure 5.16).

5.3.2.2. Effects of diazoxide on 7F2 cell adipogenic differentiation

The Kare channel opener diazoxide was tested at various concentrations against the
adipogenic differentiation of 7F2 cells over a period of 7 days. 7F2 cells were cultured
with basal or adipogenic medium for 3 days; then, cultw medium was replaced with
basal or adipogenic medium containing various concentrations of diazoxide (1 pM, 10
MM and 100 uM) for the last 4 days of culturézigure 5.17A shows pictures of the cells
at day 7 of culture, and figure 5.17B shows pictures ofcells stained with Gl Red Oafter

7 days of culture. Diazoxide did not seem to affect the development and growth of lipid
droplets. Diazoxide did not seem to affect cell number either; however, cell morphology
was maodified in the presence of diazoxide,specially at 100 pM. This may be due to the
presence of DMSO, as the cells presented similar morphologies in the wells with basal

or adipogenic medium + DMSO.
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The Oil RedO stain was extracted and quantified by measuring the absorbance at 490
nm; data arepresented in figure5.17.C (n= 3, with 3-4 replicates per condition in each
repeat); data were normalised to basal medium infigure 5.17D. Similarly to
experiments with TEA, the absorbance wakigh (> 0.21) in wells of cells cultured with
basal medium ad adipogenic medium, due to the many Oil Re@ crystals inthe wells.
Quantification of Oil RedO stain did not show any significant difference basal and
adipogenic medium, and between the various concentrations of diazoxidg = 0.85,
Kruskal-Wallis test). However, a trend could be seen for cells cultured with adipogenic
medium + diazoxide: the amount of Oil RedO stain decreased with increasing

concentrations of diazoxide.
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5.4. Discussion

This section of work aimed to study the effects of ghrelin traaent and potassium

channel ligands on the proliferation and adipogenic differentiation of 7F2 cells.

5.4.1. Ghrelin treatment affects 7F2 cell differentiation, but not proliferation

Overall, 20 nM ghrelin treatment had no effect on 7F2 cells numbers, sging that it

did not stimulate nor suppress cell proliferation, at least within the timeframe used (7
days). 20 nM and 200 nM ghrelin had no effect on lipid content: lipid droplets appeared
at the same time as in cells cultured with adipogenic medium abe; Oil Red O staining
showed no visible difference in the size or abundance of lipid droplets, which was
confirmed by quantification of Oil Red O stain. gRPPCR analysis showed thateatment
with 20 nM and 200 nM ghrelin did not significantly alterthe expression levels of both
osteoblastic and adipocytic markers although their expression levels were higher in
the presence of 20 nM ghrelin compared to basal or adipogenic medium aloiiée
effects of 20 nM ghrelin on mMRNA expression was attenuated by thddition of 1 mM
DLS which is a GHSR antagonist, suggesting that ghrelin signalling was mediated via
GHSR. However, the effect of DLS was only tested once and further studies on this

aspect of the work would be advised to gain confidence in the results.

Adipose tissue is a major endocrine organ, secreting various hormones and cytokines,
called adipokines, in the circulation. These adipokines play crucial roles in regulation of
various physiologic and pathologic processes, including metabolism and metaloli
disorders; they affect various tissues, particularly bone. Leptin is one of the most
abundant adipokines and is involved in the regulation of glucose metabolism; it is
highly expressed in bone marrow adipocytes and has been shown to inhibit osteoblast
function and bone formation (Rodeheffer and Horowitz, 2016; Yuest al, 2016).
Interestingly, ghrelin and leptin antagonise each other in the regulating energy balance,
and these hormones have been shown to interact in regulation of bone metabolism,
sensing the availability of nutrients and regulating directly and indirectly bone
formation via paracrine and endocrine mechanisms (Delhantgt al, 2014a). Consistent
with this, ghrelin has been shown by multiple studies to stimulate bone formation and
osteoblast proliferation and differentiation, both in vivo and in vitro (Kim et al, 2005;
Choi et al, 2013). On the other handjn vivo experiments also show that ghrelin
increases bone marrow adiposity (Thompsoret al, 2004); in vitro, some studies have

shown that preadipocyte proliferation and differentiation was directly stimulated by
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ghrelin, but others have reported that overexpression of ghrelin inhibited adipogenesis
(Zhanget al, 2004). Ghrelin is very likely to have tissueand cell type-specific actions
in bone, it is unclear whether ghrelin altersMSCdifferentiation, or whether ghrelin
stimulates the differentiation of cells already committed to the osteoblastic or

adipocytic lineages.

It is difficult to say whether ghrelin promoted or suppressed tle adipogenic
differentiation of 7F2 cells in this study. The effects on lipid content were inconsistent;
no effect was detected when observing the cells stained with Oil Red O under the
microscope, and when analysing the Oil Red O stain quantification datkom one
repeat to another, ghrelin either increased, decreased, or had no visible effect on lipid
content, suggesting that there was a great variability from one repeat to another.
Several factors may have contributed to this variability; Oil Red O crids formed even
though the staining solution was filtered. These crystals attached to the cells, despite
repeated washings, and they were not homogenous between the wells and between the
repeats. Also, as shown in Chapter 3, local cell density has anuefice on lipid content,
with higher densities increasing lipid content of the cells. Overall, ghrelin did not seem
to have a stimulatory or inhibitory effect on lipid content. In addition, treatment with
20 nM ghrelin promoted the mMRNA expression of both steoblastic and adipocytic
markers, but these changes in expression levels were not statistically significant. This
may be due to the fact thathere was a great variability between qRTIPCR repeatsand

that few repeat assaysvere performed.

The absence ba clear effect of ghrelin treatment may be due to several factors. First,
here 7F2 cells were treated with human ghrelin instead of mouse ghrelin. Ghrelin is
highly conserved, especially in mammals; mouse ghrelin differs from human ghrelin by
2 amino acds, and the region that can be acylated and that is involved in GHSR binding
is conserved (Kojima and Kangawa, 2005), but treating 7F2 cells with mouse ghrelin
may have a stronger, clearer effect on adipogenic differentiation. In addition, ghrelin
has a vey short half-life in cell culture (Zhanget al, 2004); overexpressing ghrelin or
replacing ghrelin more frequently in the culture medium may have a stronger effect on
7F2 cell adipogenic differentiation. Ghrelin at nanomolar concentrations can activate
GHSR1ain vitro (Kojima et al, 1999) and circulating levels of ghrelin are in the range
0.1 to 0.5 nM (Callaghan and Furness, 2014). However, since many tissues express
ghrelin, local concentrations in those tissues may be higher; consistent with this, ags
that detect bound peptide measure higher levels of ghrelin (& nM) (Callaghan and

Furness, 2014). Here, concentrations of 20 nM and 200 nM were used, but a wider
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range of concentrations may beused in future investigations Moreover, 7F2 cells
expressa ghrelin variant retaining intron 2, and mRNA of this variant is much more
abundant than that of native ghrelin. If this variant is expressed at the protein level, it
would be interesting investigate whether it can affect cell proliferation or adipogenic

differentiation of 7F2 cells.

5.4.2. Potassium channel ligands modulate proliferation and adipogenic

differentiation of 7F2 cells

The expression of various potassium channel subunits was analysed by -RCTR and
gRT-PCR. 8veral ion channels subunits weredetected in both 7F2 cells and 7F2 cell
derived adipocytes, in particular the Kre subunits KCNJ8 (Kir6.1) and SUR2B, and the
BK channel subunits KCNMA1 (KCal.1) and KCNMB2; however KCNJ8 and KCNMA1
expression levels were low. SUR2B was slightly upregulatein 7F2 celtderived
adipocytes compared to 7F2 cells cultured with basal medium, and strongly

upregulated when the cells were treated with 20 nM and 200 nM ghrelin.

BK channels are expressed in several human osteoblastic cells, including primary

human HOB-c osteoblasts, MG63 and Sa&@Shuman osteoblastlike cell lines. MG63

cellsandD OEI AOU 1T OOAT Al AOGOO A@bOAOO OEA | OOAOQITE
and functional BK channels could be readily recorded in singlehannel patch clamp
experiments, suggesting that these channels are abundafiienney, 2008)and that BK

channels gay an important role in human osteoblasts. In the present study however,

"+ AEATTAIl | OOAOTEO A@POAOOEIT xAO OAlI AGEO!/
r¢ AT OI A AA -AADAADARKRUABOR4)T AAAEOEIT T h OEA |
in 7F2 cellderived adipocytes compared to 7F2 osteoblastic cells. This suggests that

this family of channel may not play a central role in 7F2 cells, which are murine
osteoblastlike cells; in this cell type, BK channels in may be an artefact from cell

culture. lon channel expression patterns, and particularly potassium channel

expression patterns, seem to be speciespecific. For example, mouse BMSCs highly

express intermediateconductance Ca&-activated Kt channels (Tao et al, 2007),

whereas it is not detected inhuman BMSCs, which rather express BK channels
(Heubachet al, 2004; Liet al, 2005).

As the expression of several potassium channel subunits was detected in 7F2 cells, the
role of potassium channels in regulating proliferation and adipogenic differentiégon
was tested by modulating ion channel activity via two types of pharmacological agents:

TEA, which is a blocker of voltagelependent and Car-activated Kt channels, and
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diazoxide, which is a Krp opener. The effects of TEA and diazoxide on adipogenic
differentiation were assessed by Oil Red O staining of lipid droplets and quantification
of stain; the effects of TEA and diazoxide on the mMmRNA expression levels of

differentiation markers could not be tested due to lack of time.

Diazoxide has an inhibitoy effect on rat preadipocyte proliferation and differentiation
(50 uM, 100 uM and 150 uM diazoxide) (Wangt al, 2007) and 100 uM diazoxide was
shown to activate Krp channels in electrophysiology experiments (Larssoret al,
1993), although diazoxide ismore effective when applied to the intracellular rather
than the extracellular side of the membrane (Kozlowsket al, 1989). Here, diazoxide (1
UM, 10 uM and 100 puM) did not have ansignificant effect on 7F2 cell numbers or lipid
content, suggesting thatkare channels may not play a role in 7F2 cell proliferation or
adipogenic differentiation. However, a mistake was made when preparing the culture
medium containing diazoxide: the concentration of DMSO was not adjusted between
the various doses of diazoxid tested, which very likely biased the results. Hence, 1 uM
diazoxide contained 0.0025% DMSO, 10 uM diazoxide contained 0.025% DMSO, and
100 uM diazoxide contained 0.25% DMSO. The concentration of the DMSO control was
adjusted to match that of 100 uM diazeide (0.25% DMSO). Repeating this experiment
with correct preparation of the the medum containing diazoxide may provide more
exploitable data. Also, only one kp channel opener was tested; using other Kp
channel openers or channel blockers may providaiseful data on the role of K
channels in 7F2 cells. Besides, ak channels regulate osteocalcin secretion in
osteoblasts(Moreau et al, 1997) as well as secretion of other hormones such as insulin
(Seino et al, 2000; Ashcroft, 2005)and leptin (Standridge et al, 2000). Kate channels
may regulate osteocalcin secretion from 7F2 cells and adipokine secretion for 7F2 eell

derived adipocytes, which was not tested here.

Contrary to diazoxide, TEA (0.3 mM, 1 mM and 3 mM) decreased cell number and
limited the size of lipid droplets inside 7F2 celderived adipocytes in a concentration
dependent manner. This range of concentrations was chosen based on concentrations
used in other studies: 3mM TEA increased MG63 cell numbers without increasing the
number of dead cells, whereas 180 mM TEA caused cell death (Li, 2012). In
electrophysiology experiments using mouse neuroblastoma cells, the concentration for
half maximal block of voltagedependent potassium channels by external TEA was 80
MM in excised membrane pihes (Im and Quandt, 1992), and 0.6 mM TEA blocked
delayed rectifier potassium channels in wholecell configuration when applied to the
external solution (Quandt and Im, 1992). The fact that TEA limited the size of lipid

125



Chapter 5z The influence of ghrelin and Kchannel ligands on adipogenic
differentiation of 7F2 cells

droplets suggests that K channelsmay be involved in the regulation of the adipogenic
differentiation of 7F2 cells. K channels, and particularly voltagedependent and Ca-
activated K- channels, are involved in regulating proliferation and adipogenic
differentiation of MSCs and preadipogtes. For example, the intermediate conductance
Ca+-activated K- channels k3.1 participate in regulating cell proliferation in mouse
preadipocytes (Zhanget al, 2012).

5.4.2. Chapter conclusions

The hypothesis that ghrelin could stimulate 7F2 cell priferation was not verified.
There was no experimental evidence that ghrelin inhibits adipogenic differentiation
either; 20 nM ghrelin did not affect lipid content, but increased the expression levels of
both osteoblastic and adipocytic markers although this effect was not statistically
significant. However, only two concentrations of ghrelin were tested (20 nM and 200
nM), and the ghrelin used here was human; testing other concentrations, and using
mouse ghrelin may be interesting in future work. In addibn, the effects of 20 nM
ghrelin on the expression of differentiation markers were attenuated in the presence of
a GHSR blockerDLS suggesting that the effects of ghrelin are mediated by this
receptor.

Expression of several K channel subunit was deteted in 7F2 cells and adipocytes,
including Kare channel subunits (Kir6.1 and SUR2B) and BK channel subunitg &4nd

I 2); Kir6.1 and SUR2B were upregulated by 20 nM ghrelifEA, but not diazoxide,
decreased cell proliferation and adipogenic differentiationin 7F2 cells, suggesting a

role for K+ channels in these processes.

Since K channels may play a role in regulating 7F2 cell proliferation and adipogenic
differentiation, the next stage of this study was to identify the ion channels present in

7F2 cells,using electrophysiology techniques.
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Figure 5.3 Effects of 20 nM ghrelin on cell numbers

7F2 cells were cultured with basal(BM) or adipogenic medium (AM) with or without 20 nM
ghrelin for 7 days. After 7 days of culture, cells were counted. Dataeamean + SD (n=9, 3

replicates per conditionin each assayKruskalWallis and Dunn tests).
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A

AM + Ghrelin 20 nM

BM + Ghrelin 20 nM

Day 2

Day 4

Day 7

Figure 5.4: Effects of 20 nM ghrelin on the lipid content (part 1)
culture.

7F2 cells were cultured for 7 days with basalBM) or adipogenic medium(AM), with or without 20 nM ghrelin. A: Pictures of cells at days 2, 4 and 7 of
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Figure 5.4: Effects of 20 nM ghrelin on the lipid contenfpart 2)
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(normalised to basal medium)

T
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B: Pictures of 7F2 cells stained with Oil Red O. C and D: QuantificatiotOdfRed Oby measuring the absorbance a490 nm; (C)represents raw data, and
(D) representsdata normalised to basal medium. Data are mean + SD (n = 11, 3 replicates per conditioeach assayKruskalWallis tests andDunn post-

hoc analyses.
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Figure 5.5: Effects of 200 nM ghrelin on lipid ontent (part 1)

7F2 cells were cultured for 7 days with basalBM) or adipogenic medium(AM), with or without 200 nM ghrelin. A: Pictures of cells at days 2, 4 and 7 of

culture.
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