This electronic thesis or dissertation has been
downloaded from the King’s Research Portal at
https://kclpure.kcl.ac.uk/portal/
The role of microRNA-302 in regulation of human bone marrow Mesenchymal Stem
Cell fate determination

Ghasemi, Bahareh
Awarding institution:
King's College London

The copyright of this thesis rests with the author and no quotation from it or information derived from it
may be published without proper acknowledgement.

END USER LICENCE AGREEMENT
Unless another licence is stated on the immediately following page this work is licensed
under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
licence. https://creativecommons.org/licenses/by-nc-nd/4.0/
You are free to copy, distribute and transmit the work
Under the following conditions:



Attribution: You must attribute the work in the manner specified by the author (but not in any
way that suggests that they endorse you or your use of the work).
Non Commercial: You may not use this work for commercial purposes.



No Derivative Works - You may not alter, transform, or build upon this work.

Any of these conditions can be waived if you receive permission from the author. Your fair dealings and
other rights are in no way affected by the above.

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing
details, and we will remove access to the work immediately and investigate your claim.

Download date: 08. Jan. 2023

The role of MicroRNA-302 in regulation of
Human Bone Marrow Mesenchymal Stem
Cell fate determination

Bahareh Ghasemi

Thesis submitted to King’s College London for the Degree
of Doctor of Philosophy (PhD)

Department of Tissue Engineering & Biophotonics
King’s College London Dental Institute
King’s College London

London
2018

1

Acknowledgements
Taking this PhD was a dream which had finally come true. Indeed, it was a challenging
experience, that could not have been feasible without continuation help and support.
First and foremost, I would like to thank Professor Francis J Hughes, my first supervisor
whose understanding and patience from inception of this project was truly appreciated.
His guidance, ideas and suggestions supported me throughout this life-changing
journey. It was a pleasure to study under his supervision.
I would also like to thank Dr. Mandeep Ghuman, my second supervisor for his great help
and advice. His critical scientific insight gave me beneficial experiences during this study.
Special thanks to Professor Agamemnon Grigoriadis my postgraduate co-ordinator for
all his support.
I am indebted to many of friends and colleagues who generously spent time and shared
their experiences with me in my laboratory work. In particular, my sincere gratitude goes
to Dr. Borzo Gharibi who assisted me in my first year of study with his tremendous
knowledge and ideas. Also, many thanks to Dr. Neelam Gurav and Dr. Devy Firena
Garna for their heartful help and support. I would also like to thank Dr Hassan Farah and
Dr. Lorenzo Veschini and all other laboratory staff for their advice. Special thanks to my
PhD friend Emily who was always by my side and supported me spiritually.
I would also like to thank my beloved parents for their support and encouragement in
throughout my life which allowed me to pursue my dreams. I would heartedly like to offer
this work to my father’s spirit who passed away recently, who was always encouraging
me and was the greatest inspiration in my life.
My special appreciation goes to my husband Hamid who was always supportive and
making this long journey without his unconditional love was unattainable. Most of all I
would like to thank my beloved daughter Abi who is always my motivation and source of
energy. My thanks also go to my brothers for always being by my side and for
encouraging me.

2

Abstract
Mesenchymal stem cells (MSCs) are adult stem cells which are characterised by selfrenewal and differentiation capacity into three mesenchymal lineages: osteoblast,
chondrocyte and adipocytes. MicroRNAs (miRNAs) are a class of non-coding short
RNAs (20-22 nucleotides) which target messenger RNAs to supress protein synthesis
and regulate cell function. There is increasing evidence that miRNAs can play key roles
in the regulation of multiple biological processes include stem cell regulation. Therefore,
the aim of this study was to investigate the potential role of miRNAs in the regulation of
MSC fate decisions.
Firstly, 4 different MSC cell lines were tested for their differentiation capacity following
induction with osteogenic, adipogenic, or chondrogenic media. From these results one
cell line was selected for use in further studies. The expression of 9 candidate miRNAs
which had previously been shown to be associated with regulation of other stem cells
were tested during osteogenic or adipogenic induction.

To identify novel miRNAs

associated with MSC regulation, clonally derived MSCs with osteogenic, adipogenic or
bipotent differentiation patterns were tested using miRNA array. From the results of the
array 2 family members of the miRNA-302 (a and b) were selected for further
investigation. MiR-302a and b expression was validated by qRT-PCR in the clonally
derived cell lines and in primary MSC cultures. To determine the role of the miR-302
family during MSC differentiation, their functional activity was tested by knock-down and
over expression, via transfection of a miRNA-302 family inhibitor or individual miR-302a
and miR-302b mimics into MSCs and the cells were treated with osteogenic, adipogenic
or growth medium as control for 14 days. Then lineage specific gene expression was
measured by qRT-PCR.
Expression patterns of the 9 candidate genes showed no reproducible significant effects
during osteoblastic or adipocytic differentiation. MiRNA-302a and b were both down
regulated during differentiation of MSCs into both osteogenic and adipogenic lineages.
Knock-down of miRNA-302 family in MSCs caused a significant upregulation of between
2-5 times of RUNX2 expression and between 3-10 times of ALP expression during
osteogenic differentiation of MSCs.

Overexpression of miR-302b did not have any

significant reproducible effects on osteogenic differentiation of MSCs. In contrast, over
expression of miR-302a resulted in increased RUNX2 expression by 1.5-2 fold on day 2
and ALP expression by almost 50 fold after day 4.
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Inhibition or over expression of miR-302 family had no early effects on adipogenesis of
MSCs, but at day 14 FAB4 was upregulated nearly 40% in inhibited cells and between
20-30% in miR-302a overexpressed cells. In contrast overexpression of miR-302b
downregulated FAB4 by a range of between 10-80% at day 14. ALP enzyme activity
rose at day 7 after inhibition of miR-302 and decreased at day 10 and 14 after miR-302a
over expression significantly.
The results suggest that miRNA-302 acts to maintain MSC phenotype by specific
repression of osteogenic differentiation. The results also suggest that this may be
specifically due to the action of miR-302a. In contrast the miR-302 family had little or no
effects on adipogenic differentiation of MSCs, with the exception of a transient
upregulation of FAB4 at a late stage of differentiation due to miR-302 inhibition.
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1.1. Introduction
Stem cells are undifferentiated cells which exhibit self-renewal and the capacity to
differentiate into mature cell phenotypes. Since the discovery of stem cells nearly 50
years ago, scientists have been trying to understand the mystery of their unique potential.
The study of stem cells has provided insights into the way these cells proliferate, and of
the processes that may control their differentiation.
Bone Marrow-derived Mesenchymal Stem Cells (MSCs) are a type of adult stem cell that
has been studied extensively both to investigate their fundamental properties but also
for potential therapeutic uses in clinical applications. In addition to their differentiation
potentials,

they

have

a

number

of

other

important

properties

including

immunomodulation, tissue specific homing to the injured site of body and support of
haematopoiesis. An understanding of the factors that regulate cell fate decisions,
differentiation versus self-renewal, is a key challenge in basic and translational stem cell
biology. Our knowledge of stem cells in general and MSCs in particular is rapidly
increasing and multiple environmental and endogenous factors including cytokines and
growth factors have been identified which may control these processes. In addition,
there is increasing evidence that a family of short RNAs called microRNAs (miRNAs)
may play an important role in the regulation of MSCs. Over the past 3 decades, when
the first miRNA was found, many studies have concluded that miRNAs may have a major
role in the regulation of biological function in the body. Therefore, in the studies
presented here in this thesis, we have investigated the potential roles of miRNAs in the
regulation of MSC fate decisions.

1.2. Stem Cells
Stem cells are immature progenitor cells that are characterised by self-renewal and the
production of daughter cells that can undergo multilineage differentiation. Following
asymmetric mitosis their cell-fate may be determined by the mother cell or by
environmental factors (Watt and Hogan 2000, Weissman 2000).
Using their range of developmental potency, stem cells can be classified into:
•

Totipotent, which can give rise to all the embryonic tissues and placenta
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•

Pluripotent which can differentiate only into embryonic tissues belonging to the inner
cell mass (ectoderm, mesoderm, and endoderm)

•

Multipotent, which can give rise only to tissues belonging to one embryonic germ
layer (ectoderm or mesoderm or endoderm)

•

Unipotent, which generate a single cell type (Krampera, Franchini et al. 2007,
Bissels, Eckardt et al. 2013)

1.2.1. Types of Stem Cells
Stem cells are classified into two main types according to their source of derivation,
Embryonic Stem Cells (ESCs) and Adult Stem Cells (ASCs). In addition, a third type of
stem cell, Induced Pluripotent Stem Cells (iPSCs), has been produced as originally
described by Takahashi. iPSCs can be originated from somatic cells and reprogrammed
into stem cells (Takahashi and Yamanaka 2006).

Embryonic Stem Cells (ESCs)
Embryonic Stem Cells were first established from mouse embryos in 1981 (Evans and
Kaufman 1981). As mentioned above, embryonic stem cells can differentiate into all
lineages and cell types of the body in vitro and provide the possibility for unlimited
expansion in culture because of their long-term proliferative potential. Furthermore, when
transferred into in vivo environments, they can differentiate into the three embryonic
germ layers. These properties make human ESCs a potential unlimited source of tissue
for human transplantation (Evans and Kaufman 1981, Martin 1981). However, utilisation
of human ESCs have been limited partly because of ethical controversies and also due
to the difficult processes to produce ESCs (Zaehres and Schöler 2007). In addition,
induction of adult somatic cells into a pluripotent state by direct reprogramming in vitro
can result in production of patient/disease-specific stem cells to circumvent these issues.
These cells are referred to as induced pluripotent stem cells (iPSCs) (Takahashi and
Yamanaka 2006). However, Bilic and colleagues believe that transcribed genes,
epigenetic landscape, differentiation potential, and mutational load of iPSCs are slightly
different from true ESCs (Bilic and Belmonte 2012).

Adult Stem Cells (ASCs)
Adult stem cells are located in almost every tissue of the body. ASCs are thought to
function in long-term tissue homeostasis, repair and replacement. In the adult they
maintain tissues with a high turnover rate such as blood, intestinal epithelium and skin,
17

by balancing stem cell self-renewal, differentiation and cell apoptosis. However, the
number of cell lineages which adult stem cells may differentiate to are limited (Caplan
1991, Odorico, Kaufman et al. 2001). In addition to their ability to self-renew and give
rise to specific differentiated cells, ASCs exhibit a high degree of plasticity and in some
cases they can even differentiate into atypical lineages (Poulsom, Alison et al. 2002).

Induced Pluripotent Stem Cells (iPSCs)
iPS cell characteristics are similar to ESCs in many ways such as morphology, surface
antigens, gene expression, proliferation and pluripotency. iPSCs can be originated from
human fibroblasts and are able to differentiate into three germ layers; endodermal,
mesodermal and ectodermal linages. However, regarding DNA analysis they are not
identical to ESCs (Takahashi and Yamanaka 2006, Takahashi, Tanabe et al. 2007).

1.3. Mesenchymal stem cells (MSCs)
MSCs are adult stem cells, characterised by extensive self-renewal and the capacity of
differentiation into mesenchymal lineages such as osteoblasts, adipocytes and
chondroblasts. (Jiang, Jahagirdar et al. 2002) MSCs can transdifferentiate into other cells
like myocardial cells when directly injected into necrotic myocardium (Amado, Saliaris et
al. 2005). A population of mouse MSCs were capable of undergoing skeletal muscle
differentiation when cultured with myoblasts of new born mice (Saito, Dennis et al. 1995).
MSCs even have the ability to be induced to differentiate into cells of non-mesodermal
origin, when co-cultured or relocated (Poulsom, Alison et al. 2002). For instance, MSCs
can differentiate into neuron-like cells when co-cultured with foetal mesencephalic or
striatal cells (Sanchez-Ramos, Song et al. 2000) and into astrocytes when injected into
the lateral ventricles of neonatal mice (Kopen, Prockop et al. 1999).
MSCs were first described in the 1970s by Friedenstein as connective tissue stem cells
present within the hematopoietic microenvironment of bone marrow and were originally
referred to as colony forming unit-fibroblasts (CFU-Fs) (Friedenstein, Chailakhjan et al.
1970). They can also be isolated from many other tissues in the body including adipose
tissue, skeletal muscle, dental pulp and cord blood and dermis. However, bone marrow
is still the standard source of MSCs and it has been reported that MSCs are located in
the perivascular spaces in the bone marrow (Sacchetti, Funari et al. 2007).
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MSCs have been isolated from adipose tissue which also exhibit the growth and
differentiation properties of MSCs. Human adipose tissue stem cells (hADSCs) were
successfully isolated from subcutaneous white adipose tissue with many common
characteristics with human bone marrow stem cells (hBMSCs) (Izadpanah, Trygg et al.
2006).
MSCs are located anatomically in the haematopoietic niche along with haematopoietic
stem cells. The concept of a niche was demonstrated by Schofield et al, in 1978 and is
based on a specialised anatomical space which supports stem cell self-renewal,
differentiation, quiescence, and migration (Schofield 1978). This environment provides
all the elements that stem cells need in their undifferentiated state, such as secreted
local factors, cell-cell interactions and extracellular matrix (Watt and Hogan 2000, Kolf,
Cho et al. 2007). This localisation favours the supportive role of MSCs in haematopoiesis
(da Silva Meirelles, Fontes et al. 2009).

1.3.1. MSC Markers
The use of MSC markers is a widely used method for their classification, as the
expression (Kim, Kim et al. 2008), cytometric sorting, magnetic sorting or
immunopanning (reviewed by Bissels, Eckardt et al. 2013).
MSCs are defined by the International Society of Cellular Therapy by three main
characteristics:
•

Adhesion to plastic when cultivated

•

Expression of a specific set of membrane molecules CD73, CD90, CD105 and
lack of expression of the hematopoietic markers CD14 or CD11b, CD19 or
CD79a, CD34 and CD45 and human leucocyte antigen-DR (HLA-DR)

•

Multipotency, ability to differentiate into mesenchymal lineages; osteoblast,
chondrocyte and adipocyte (Dominici, Le Blanc et al. 2006).

Although this definition clarifies characteristics of human MSCs in vitro, identification of
MSCs among a heterogeneous pool of cells which are connected in different ways in
most body tissues, is still a problematic issue. However, determination of molecular
markers like surface protein markers, transcription factors, microRNAs (miRNAs) and
messenger RNAs (mRNAs) might be helpful (Bissels, Eckardt et al. 2013).
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Apart from those classic surface proteins mentioned in the definition, CD130, CD146,
CD200, CD49b and integrin aV/b5 (Calloni, Cordero et al. 2013), CD117, Stro-1, CD133,
CD271 and MSCA-1 (Hardt, Bissels et al. 2014) have been used for isolation of MSCs
and among them CD146 has been suggested as a specific surface marker of MSCs
originating from different tissues. Platelet-derived growth factor receptor α (PDGFRα),
neuron-glial antigen 2 proteoglycan (NG2) (Mabuchi, Houlihan et al. 2013, Matsuzaki,
Mabuchi et al. 2014), Frizzled-9 or CD349 (FZD9) are also markers for primitive MSCs,
whereas NOTCH-3 is a marker for enrichment of MSCs capable of both osteogenic and
adipogenic differentiation, and ITGA11 and MSCA-1 markers for bone marrow MSCs
that undergo osteogenesis and adipogenesis respectively (Calloni, Cordero et al. 2013),
leptin receptor, a fat-cell-specific hormone receptor (Matsuzaki, Mabuchi et al. 2014) has
recently been demonstrated as a surface marker of MSCs.

1.3.2. MSC Proliferation
Self-renewal refers to the process whereby cells undergo division and give rise to
daughter cells to preserve their stem cell properties and maintain an undifferentiated
state(Shenghui, Nakada et al. 2009). Although human adult stem cells have been shown
to undergo almost 50–60 divisions and then become senescent, which is known as
‘Hayflick limit’ (Hayflick 1965), Jiang and colleagues demonstrated that some population
of MSCs are able to self-renew more than 80 doublings (Jiang, Jahagirdar et al. 2002).
Adult stem cells proliferate to maintain tissue homeostasis in some tissues with high
turnover such as blood cells, epithelium cells of skin and gut or those tissues that need
repair like liver (reviewed by (Roobrouck, Ulloa-Montoya et al. 2008).

Regulation of proliferation
It has been demonstrated that cytokines and growth factors such as leukaemia inhibitory
factor (LIF), fibroblast growth factors (FGFs), and mammalian homologues of Drosophila
wingless (Wnts) can influence the maintenance of MSC ‘stemness’ (Kléber and Sommer
2004, Kolf, Cho et al. 2007).
As discussed before, there is a fine interaction between growth factor signalling
pathways and miRNAs to control cell fate. Ng and colleagues demonstrated three
main pathways, transforming growth factor- β (TGFβ), Platelet-derived growth factor
receptor (PDGF), and fibroblast growth factor-β (FGFβ).
FGFβ, that were necessary and sufficient for MSC growth and their inhibition reduced
MSC self-renewal, whereas their activation makes MSCs proliferate in a serum free
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medium culture environment (Ng, Boucher et al. 2008). Also, Kléber and colleagues
illustrated Wnt as a signal needed for stem cell proliferation and differentiation (Kléber
and Sommer 2004). FGFβ and PDGFβ in MSCs increase proliferation and osteogenesis
and inhibits adipogenesis (Fierro, Kalomoiris et al. 2011).

1.3.4. MSC Differentiation
Differentiation of MSCs into three mesenchymal cell lineages has been proposed as an
important characteristic of MSCs and different studies have demonstrated their in vivo
capacity to differentiate into osteoblasts (Friedenstein, Chailakhjan et al. 1970,
Benayahu, Kletter et al. 1989), adipocytes (Beresford, Bennett et al. 1992) and
chondrocytes (Johnstone, Hering et al. 1998).

Osteogenesis in MSCs
Bone is a dynamic, multifunctional connective tissue, with high turnover. Bone formation
and remodelling is a process beginning with mesenchymal progenitors which then
undergo osteoblast lineage differentiation. After proliferation, these cells secret
extracellular matrix which is then mineralised (Paic, Igwe et al. 2009). The existence of
skeletal progenitor cells in the bone marrow was first described by Friedenstein et al, in
1976. They found that there are mechanocyte precursor clones, among clonogenic cells
of connective tissue cultured in vitro with a lower renewal rate than hemopoietic cells,
which retain differentiation features characteristic of the source tissue when expanded
(Friedenstein 1976).
Bone formation
There are two different processes which result in ossification. One is endochondral
ossification that occurs in cartilage template and forms long bone and the other one is
intramembranous ossification which initiates by condensation of mesenchymal cells,
transforming to osteoblasts at the centre of ossification. This process happens during flat
bone formation (Ng, Romas et al. 1997). Bone matrix consists of different proteins in
which collagen type I is the most abundant and makes up almost 90% of organic bone
matrix. The other non-collagenous proteins include osteocalcin (bone GLA protein)
osteopontin, osteonectin and bone sialoprotein which in addition to proteoglycans and
biglycan form the organic matrix (Hughes, Turner et al. 2006).
Collagen type I belongs to the collagen superfamily and is the main component to
maintain mechanical strength, structure and elasticity of bone. Also, it acts as a matrix
deposition template during mineralisation (Uitto and Kouba 2000). Bone sialoprotein
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(BSP), is a major non-collagenous extracellular matrix protein in bone, which is secreted
by osteoclasts, osteoblasts, osteocytes, and hypertrophic chondrocytes (Raynal, Delmas
et al. 1996) (Reviewed by (Robey 2003)).
Osteopontin (OPN), also known as bone sialoprotein I (BSP1) and secreted
phosphoprotein I (SPP1), is a non-collagenous protein produced by osteoblasts and
osteoclasts and their precursors, as well as osteocytes, binds cell-surface integrin
receptors and deposits into the mineralising matrix (Kasugai, Nagata et al. 1992, Sodek,
Ganss et al. 2000).
Osteocalcin (OSC) or bone Gla protein (BGP), is the second most abundant matrix
protein in the bone that modulates osteoclast activity and is a calcium binding protein. It
is considered to be the most “bone-specific” (Ducy, Desbois et al. 1996, Hughes and
Aubin 1998).
Osteonectin, also known as Secreted Protein Acid Rich in Cysteine (SPARC) is a
glycoprotein which serves as a nucleus for mineralisation and regulates calciummediated processes, cell–matrix interactions and bone remodelling (Robey 2003).
Alkaline phosphatase (ALP) is a cell-surface glycoprotein which regulates mineralisation
during osteogenesis of MSCs. ALP is a member of membrane-bound zinc metalloprotein
enzymes family which modulates mineralisation positively via decrease of mineralisation
inhibitor and increase of mineralisation stimulator (reviewed by Robey 2003).
Osteoblast lineage
Osteoblastic differentiation of MSCs is the result of a series of stages where committed
cells undergo proliferation and increased expression of osteoblast differentiation
markers. These stages are generally described as osteoprogenitors, pre-osteoblasts,
osteoblasts, bone-lining cells and osteocytes (Long 2011). Although there are no reliable
markers to identify MSCs with osteogenic potential in heterogeneous pools of MSCs, it
seems that some markers may be more specific for potential for osteogenesis, such as
Stro-1 expression. During differentiation the expression of Stro-1 decreases, whilst the
expression of osteoblast markers such as ALP increases (Walsh, Jefferiss et al. 2000,
Marie and Fromigué 2006).
Pre-osteoblasts are committed to osteoblastic differentiation, but still retain some
proliferative capacity. Osteoblasts are the cells responsible for deposition and
maintenance of skeletal tissues which function via introduction of extracellular proteins
such as osteocalcin, and type I collagen. Osteoblasts may undergo apoptosis or become
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inactive and form bone-lining cells or embed in bone matrix and form osteocytes which
are the most differentiated bone cells (Hughes, Turner et al. 2006, Long 2011).
Osteocytes are stellate cells with characteristic cellular processes which link with each
other through canaliculi within the bone. Osteocytes constitute 95% of all bone cells and
are embedded in mineralised matrix. Overall these cells, together are responsible for the
regulation of bone remodelling and bone flexibility (Hughes, Turner et al. 2006, Paic,
Igwe et al. 2009).
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Figure 1-1; Osteoblastogenesis starting from Mesenchymal Stem Cells to Osteocyte formation

Regulation of osteoblast differentiation
Regulation of osteoblast differentiation is under the control of a variety of factors
including hormones, transcription factors, growth factors, cytokines and miRNAs. These
factors on the other hand, can modulate each other’s function and make a network to
tune osteogenesis (Figure1-1).
•

Hormones

The involvement of hormones in osteoblast differentiation and bone mass density has
been well known for a long time. For instance, recombinant homologous growth hormone
was shown to accelerate ossification when administrated systemically (Raschke, Bail et
al. 1999). Parathyroid hormone was demonstrated as an enhancer of total-body bone
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mineral density dose dependently following daily subcutaneous injection in
postmenopausal women (Neer, Arnaud et al. 2001). Estrogen, which is also known as
17β-estradiol or E2, was demonstrated to promote osteogenesis by up regulation of ALP
activity, RUNX2 and parathyroid hormone, whilst inhibiting adipogenesis by reducing
PPARƔ, AP2 and lipoprotein lipase (LPL) expression in KS483 cell line (Dang, Van
Bezooijen et al. 2002).
•

Growth factors and Signalling pathways

Numerous signalling pathways are able to regulate osteoblast differentiation including
transforming growth factor-beta (TGFβ)/bone morphogenic protein (BMP) signalling,
wingless-type MMTV integration site (Wnt), Hedgehog (Hh), Notch, and fibroblast growth
factor (FGF) signalling.
TGFβ/BMP signalling.

The TGFβ superfamily consists of three subtypes: TGFβ1,

TGFβ2, and TGFβ3 and TGFβ1 family include the BMPs. BMP-2, BMP-4 and BMP-7
are members of BMP signalling molecules which critically modulate osteoblast
commitment and differentiation. TGFβ and BMPs act on cell proliferation and
differentiation as well as on various aspects of embryonic development through
canonical Smad-dependent pathways and non-canonical MAPK signalling pathway.
These signals in turn can modulate RUNX2 and PPARƔ expression. Stimulation of TGFβ signalling enhances MSC commitment and osteoprogenitor proliferation and
differentiation (Hughes, Turner et al. 2006, Chen, Deng et al. 2012, Chen, Shou et al.
2016).
Wnt signalling: The Wnt family includes numerous secreted glycoproteins which bind to
Frizzled receptor (FZD) and LRP5/6 coreceptors to regulate a variety of biological
processes. Wnt/β-catenin signalling pathway (canonical Wnt signalling) has been shown
to enhance osteoblast differentiation by direct targeting of Cbfa-1/Runx-2 gene. Wnt3a
is a member of family that targets TAZ and specifically promotes osteogenesis. In
general, stimulation of Wnt signalling has been reported to promote osteogenic
differentiation and inhibit adipogenic differentiation of MSCs (Gaur, Lengner et al. 2005,
James 2013, Chen, Shou et al. 2016).
Hedgehog (Hh) signalling: Three orthologue proteins form the Hh family molecules:
Sonic Hedgehog (SHh), Indian Hedgehog (IHh), and Desert Hedgehog (DHh). Hh has
been shown to promotes osteogenesis alone or in cross-talk with BMP signalling. Shh is
reported to promote osteogenic commitment in MSCs. On the other hand, Hh signal
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inhibits PPARγ and C/EBPα expression and decrease adipogenesis (Spinella-Jaegle,
Rawadi et al. 2001, Chen, Shou et al. 2016).
Notch signalling: This pathway consists of Notch, Notch ligand (Delta/Serrate/LAG-2,
DSL protein), and CBF1/Su (H)/Lag-1 (CSL, DNA binding protein). Notch signalling
inhibits the expression of PPARƔ and C/EBPα and as a result decreases adipogenic
differentiation. However, in terms of osteogenic regulation its role is more complicated,
and it depends on which target it is affecting. If it works through Wnt/β-catenin signalling,
it inhibits osteogenesis. However, through cross-talk with BMP2 signalling it may
increase osteogenesis (Lin and Hankenson 2011, Shimizu, Tanaka et al. 2011, Chen,
Shou et al. 2016).
FGF signalling: The FGF family includes 23 members. ERK1/2, p38 MAPK, SAPK/JNK,
PKC, and PI3K pathways are involved in FGF receptor signalling cascade. FGF1, FGF2,
and FGF10 play positive regulatory roles in adipogenesis. In contrast, FGF2, FGF4, and
FGF8 are stimulators of osteogenesis by targeting Runx2. FGF2 plays dual roles in the
regulation of osteoblast formation. It has been shown that in the case of short-term
activation it promotes osteogenesis and long-lasting activation results in inhibition of
mineralisation (Ling, Murali et al. 2006, Chen, Shou et al. 2016).
•

Transcriptional regulation

Runt-related transcription factor 2 (Runx2) is the mammalian homologue of the runt gene
from Drosophila which encodes a transcription factor also named core-binding factor a1 (cbfa-1) whose expression is an absolute requirement for osteoblast differentiation. In
the absence of Runx2, both intramembranous and endochondral ossification were totally
inhibited (Komori, Yagi et al. 1997). It has been shown that Cbfa-1/Runx-2 directly targets
the osteocalcin promoter and increases its expression (Ducy, Zhang et al. 1997). Runx2
is expressed at an early stage of osteogenesis (Mizuno and Kuboki 2001) and has been
described as a master switch for initiating the osteoblastic differentiation of MSCs (Zhao,
Zhao et al. 2005). Growth factors such as Wnt and BMP signalling which stimulate
osteoblastic differentiation of MSCs act via initiating Runx2 expression (Marie and
Fromigué 2006). In the absence or lack of Runx2, MSCs may spontaneously undergo
adipogenic differentiation (reviewed by (Komori 2003).
Two other key transcriptional regulators of osteoblast differentiation have also been
described, Osx and Taz. In Osx-null mice bone formation and osteoblast differentiation
are blocked, although Runx2 expression remains normal, indicating that Osx acts
downstream of Runx2. (Nakashima, Zhou et al. 2002). In contrast Taz has been reported
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to function as osteogenic promoter by activating Runx2 and suppressing PPARƔ in
bipotent osteo/adipocyte stem cells (Hong, Hwang et al. 2005).
•

Inflammatory Cytokines

In addition to growth factors, osteoblasts are affected by different cytokines, which
regulate bone formation in stressed situations like inflammation. Interleukin-1 α and β
(IL-1) , interleukin-6 (IL-6), tumour necrosis factor-α (TNF-α) are cytokines that stimulate
osteoclastic bone resorption (Hughes, Turner et al. 2006). IL-1β and TNF-α suppress
mineralisation during osteogenic differentiation, whilst IL-1β also inhibits osteonectin and
osteopontin (Lacey, Simmons et al. 2009). TNF-α also targets β-catenin to decreases
osteogenesis (Wang, Zhou et al. 2016).
Markers of osteoblast differentiation
Expression of a wide number of genes or proteins have been used to assess osteoblast
differentiation in vitro.

These have generally been bone matrix proteins or other

phenotype-specific osteoblast genes or proteins including Runx2, Alkaline Phosphatase
(ALP), Type I collagen, PTH receptor, osteopontin (OPN), bone sialoprotein and
osteocalcin (Hughes and Aubin 1998, Zhao, Zhao et al. 2005).
Tissue-nonspecific alkaline phosphatase (TNAP) is an isoform of human ALP gene
expressed during early differentiation and increases over time in culture ALP has been
widely used as an osteoblastic marker due to its characteristic expression pattern and
as its protein is readily assayed by enzymatic activity (Hughes and Aubin 1998, Aubin
2001, Mornet, Stura et al. 2001).
Osteocalcin is expressed at the mineralised tissue-formation stage of osteogenesis
(Mizuno and Kuboki 2001) and is a widely used late stage marker of this process. It is
the most bone-specific of bone matrix proteins and thus widely used as a bone marker.
Other bone matrix proteins that have some specificity for the osteoblast phenotype and
therefore have potential utility as differentiation markers may include osteopontin, (which
is also known as secreted phosphoprotein I, SPP1) and bone sialoprotein (BSP) (Hughes
and Aubin 1998).

Adipogenesis of MSCs
Adipose tissue is composed of adipocytes surrounded by fibroblasts, fibroblastic
preadipocytic cells, endothelial cells, nerves and immune cells. Adipose tissue regulates
whole-body fatty acid and energy homeostasis. It also secretes many endocrine peptides
(e.g. leptin and adiponectin) (Christodoulides, Lagathu et al. 2009, Galic, Oakhill et al.
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2010). There are two different types of adipose tissue, white adipose tissue (WAT),
composed of white adipocyte containing unilocular lipid droplets and a ‘squeezed’
nucleus. WAT is the main adipose tissue in human adults and is located in subcutaneous
regions, surrounding visceral organs and in the face and is responsible for insulin
sensitivity and lipid metabolism.

Brown adipose tissue (BAT) is composed of

multiloculate adipocytes, with numerous mitochondria.

BAT is located in discrete

pockets in the paravertebral, supraclavicular and periadrenal regions, and is involved in
thermogenesis (Cristancho and Lazar 2011).
Adipocyte lineage
Regardless of differences between the two types of adipose tissue, their origin and
differentiation process share common features. Adipocytes differentiate from MSCs
through two phases of adipogenesis, commitment and terminal differentiation. (reviewed
by (Cristancho and Lazar 2011).
The commitment phase is a process in which MSCs lose their multipotent potential in
response to signals and form preadipocytes and commit to the adipose lineage. Although
preadipocytes are restricted to form adipocytes, without exogenous stimuli the process
does not go any further toward terminal differentiation. When preadipocytes are induced
by regulatory stimuli they undergo terminal differentiation. The terminal differentiation is
the phase that preadipocytes become mature adipocytes (Otto and Lane 2005).
Regulation of adipocyte differentiation
Similar to osteogenesis, adipogenic differentiation is regulating by multiple transcription
factors and extra- and intracellular signals.
•

Transcriptional factors

Different transcription factors including STAT5, SREBP-1c, and several members of the
CEBPs (CEBPβ and CEBPα or CEBPδ ) and Krüppel-like zinc finger (KLF) families
especially KLF15 induce adipogenic differentiation (White and Stephens 2010).
Peroxisome proliferator activated receptor-γ (PPAR-γ) is a transcription factor which is
required for adipogenesis and which also inhibits osteogenesis (Takada, Kouzmenko et
al. 2009). PPARƔ is a member of the nuclear receptor (NR) superfamily that contains
two isotypes, PPAR-β/δ and PPARƔ which increase adipocyte gene expression and
differentiation (Dreyer, Krey et al. 1992, Tontonoz, Hu et al. 1994).
There are five members of the CEBP (CAAAT enhancer binding proteins) proteins;
CEBPα, CEBPβ, CEBPδ, CEBPƔ, and CHOP.

Three of them, CEBPα, CEBPβ and
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CEBPδ, play crucial roles in adipocytic differentiation of MSCs. CEBPβ and CEBPδ are
expressed in the early stages of adipocyte differentiation and then stimulate expression
of CEBPα and PPARƔ (Farmer 2006). Linhart and colleagues demonstrated the
necessity of CEBPα expression for the development of WAT, although It is not required
for brown adipose tissue formation (Linhart, Ishimura-Oka et al. 2001). PPARƔ and
C/EBP play an essential role in adipogenesis and both are required for robust adipogenic
specific gene expression (Lefterova, Zhang et al. 2008).
Fatty acid binding proteins (FABPs) belong to a superfamily of lipid-binding proteins
(LBP) and consist of nine members, including fatty acid binding protein 4. They regulate
fatty acid uptake, transport and metabolism (Hertzel and Bernlohr 2000, Michal, Zhang
et al. 2006) There is communication between FABPs and PPARs and CEBPs which
regulate each another function. For instance, to maintain PPARƔ in the mature
adipocyte, existence of CEBPα is important (Farmer 2006). Also, FAB4 is reported to
activate PPARƔ, while PPARƔ in turn regulates transcription of the FABPs through a
feedback mechanism (Damcott, Moffett et al. 2004). Therefore, PPARƔ, CEPB and
FABP4 have crucial functions in adipocyte differentiation, lipid metabolism and
homeostasis in adipocytes.
Activating protein-1 (AP-1) is a transcriptional factor consisting of c-Jun, Jun-B, Jun-D
and c-Fos, Fos-B, Fra-1, or Fra-2 subunits. An immediate rise in expression of AP-1
members has been reported after adipogenic induction (White and Stephens 2010).
STAT (signal transducers and activators of transcription) family of mammalian
transcription factors involve seven proteins (STATs 1, 2, 3, 4, 5A, 5B, and 6) which are
induced by growth factors and cytokines and each member may regulate specific
adipogenic genes. For instance, STAT5 increases after induction of CEBPα and PPARƔ
and enhances adipogenesis (White and Stephens 2010).
•

Inflammatory Cytokines

Many cytokines like IL-6, TNF-α, TGF-β repress PPARƔ and CEBP expression and
consequently adipocyte differentiation. TNF-α suppresses CEBPα and LPL and may
results in insulin resistance. IL-6 positively modulates insulin resistance and suppresses
PPARƔ and LPL activity (Fernyhough, Okine et al. 2007, Takada, Kouzmenko et al.
2010).
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Chondrogenesis of MSCs
Cartilage is a specialised connective tissue, to facilitate articulation of the skeleton,
lubrication and to act as a cushion for joints and spinal column. Cartilage is also found
in the ear and epiglottis and nasal septum where it helps to keep the airway open. In the
embryo cartilage has a mechanical support role and makes a template for the skeletal
system (Gartland, Mechler et al. 2005, Chung and Burdick 2008).
The hydrated extensive extracellular matrix (ECM) that forms cartilage is composed of a
collagen network dominated by type II (but also types VI, IX and XI) and aggrecan and
is occupied by tissue-specific cells, chondrocytes (Kuettner 1992, Oldershaw and
Hardingham 2010). The absence of blood vessels, nerve fibres, and lymphatics in
cartilage makes its capacity for self-repair limited (Kuettner 1992).
Chondrocyte lineage
MSCs can differentiate into chondrocytes and form a cartilaginous mould in early
embryonic development. During the process of endochondral ossification, chondrocytes
embedded in the cartilage proliferate and undergo hypertrophy and apoptosis. Then
following vascularisation and calcification of matrix, osteoblasts and osteoclasts migrate
to the site and the cartilaginous template mineralised and replaced by bone (Kim and Im
2009, Oldershaw and Hardingham 2010). Generally, chondrogenic induction of
monolayer cultures of MSCs is difficult to achieve. Thus, Johnstone et al demonstrated
a culture system in which 3D aggregated MSCs were induced into chondrocytes in a
chemically defined medium containing transforming growth factor-β1 (TGF-β1)
(Johnstone, Hering et al. 1998).
Regulation of chondrogenesis
Chondrogenesis is mainly controlled by a transcription factor called SOX9, (Bi, Deng et
al. 1999) which in turn regulates expression of type-ll collagen and other matrix protein
genes. (Bell, Leung et al. 1997). On the other hand, SOX9 is under modulation of
different factors such as SOX6, SOX13 and PGC1α (reviewed by Oldershaw and
Hardingham 2010). SOX9 belongs to SOX (Sry-type high mobility group [HMG] box)
family genes expressed in all pre-chondrocytes and chondrocytes (Xie, Zhang et al.
1999). Type-ll collagen is the most abundant protein in the ECM that belongs to collagen
superfamily of extracellular matrix proteins. Collagen ll interacts with proteoglycans in
the tissue consisting mainly of Aggrecan (reviewed by Heino 2007).
Chondrogenesis of MSCs can be promoted via extracellular signalling molecules
including parathyroid hormone (PTH) (Kim, Kim et al. 2008) and growth factors such as
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TGF-β1 and BMP-2 (Palmer, Steinert et al. 2005). It has been demonstrated that Notch
signalling is involved in the early stage of chondrogenesis through regulation of JAG1.
Interestingly, Notch signalling is essential to initiate chondrogenesis, however the
process continues once the signal is switched off (reviewed by Oldershaw and
Hardingham 2010). Wnt signalling also plays a role in adult cartilage homeostasis via
different processes like expression of Wnt-5a and through modulation of cytokines such
as IL-6 and IL-15 (Tuan, Boland et al. 2002). MAPK signalling pathway has been
reported as the downstream target of TGF-β1and BMP-2 chondrogenesis (Yamaguchi,
Shirakabe et al. 1995).

1.3.5. Secreted factors from MSCs
MSCs secrete a variety of cytokines and growth factors, including immunomodulatory,
antiapoptotic, antifibrotic, and proangiogenic, chemotactic and other factors that may
regulate the growth and differentiation of local stem and progenitor cells(da Silva
Meirelles, Fontes et al. 2009). It seems that many of the immunoregulatory and
therapeutic properties of MSCs can be explained by their production.

MSCs immunomodulatory secretions
MSCs may have either immunostimulatory or immunosuppressive properties depending
on the cell’s needs. The low level of MHC class I and the absence of MHC class II and
other co-stimulatory molecules such as CD40, CD80 and CD86 can protect MSCs from
alloreactive natural killer (NK)-cell-mediated lysis. HLA-G, a non-classical MHC class I
antigen expressed by MSCs may also play a role in protecting MSCs from host immune
system (Nasef, Mathieu et al. 2007, Sensebe, Krampera et al. 2010, Casey, Dirks et al.
2014). Furthermore, MSCs are involve in modulating inflammation by their ability to
inhibit the function and proliferation of T-cells, B-cells, NK-cells, dendritic cells and
macrophages through secreted cytokines, growth factors and enzymatic actions (Yagi,
Soto-Gutierrez et al. 2010, Wise, Williams et al. 2014). In addition, prostaglandin E2
(PGE-2) may also act as one of the regulatory components of the immunomodulatory
effects of MSCs (reviewed by (da Silva Meirelles, Fontes et al. 2009).
Inhibition of T-cell proliferation by MSCs in vivo and in vitro may occur when different
molecules such as allogeneic antigen, mitogens and CD3-plus-CD28 antibodies are
stimulated. Also activated T-cells are seized by MSCs, but apoptosis is not induced. In
vitro, MSCs inhibit both B-cell proliferation and production of IgM, IgA and IgG, without
inducing apoptosis., Several reports have demonstrated the importance of soluble
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factors and cell-cell contact, working together, in supporting T-cell inhibition both in vivo
and in vitro (Sensebe, Krampera et al. 2010, Yagi, Soto-Gutierrez et al. 2010).

Haematopoiesis supportive secretions
It is clear that MSCs play a supportive role for other stem cells and progenitor cells
located in the same niche. The haematopoietic stem cell (HSC) niche consists of MSCs,
HSCs, myofibroblasts, osteocytes, pericytes, and endothelial cells, all of which may be
regulated by MSCs (Ahmadbeigi, Soleimani et al. 2013). For example, osteoblasts are a
regulatory component that increases number of haematopoietic stem cells through Notch
activation in vivo (Calvi, Adams et al. 2003). Moreover, it has been reported that
osteopontin (SPP1) which is produced during bone formation, plays an important role in
regulation of the physical location of HSCs, as well as negative modulation of their
proliferation (Nilsson, Johnston et al. 2005). In vitro, MSC co-cultured with HSCs in
present of dexamethasone results in stimulation of osteogenesis in MSCs (Liao,
Hammerick et al. 2011), transplanted colonies provided a microenvironment for HSC
homing and haematopoiesis. It has been shown that signals from MSCs through direct
cell-to-cell contact and secreted cytokines, adhesion molecules and extracellular matrix
proteins from MSCs are crucial for HSCs survival, proliferation and differentiation
(Pontikoglou, Deschaseaux et al. 2011).

Antiapoptotic secretions
MSCs have been used for administration into acute lesions for treatment or limitation of
the lesion. To play this role, they have the ability to regulate of cell death by apoptosis
(reviewed by (da Silva Meirelles, Caplan et al. 2008, da Silva Meirelles, Fontes et al.
2009). In one study carried out by Tögel et al in 2007, kidney cell apoptosis decreased
significantly when MSC were administered in a rat model suffering from Acute Kidney
Injury. They demonstrated the role of some paracrine soluble factors such as VEGF,
HGF, and IGF-I in inhibition of apoptosis and stimulation of remaining cells (Tögel, Weiss
et al. 2007). Another study has shown an increase in VEGF-A secreted from transplanted
MSCs in Pulmonary Emphysema, which inhibit lung cell apoptosis (Zhen, Xue et al.
2010).

Antifibrotic secretion
Some studies have reported an antifibrotic effect of transplanted MSCs in animal models,
when delivered before massive fibrosis (reviewed by (da Silva Meirelles, Caplan et al.
2008, da Silva Meirelles, Fontes et al. 2009). Nagaya and colleagues in 2005
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demonstrated improvement of cardiac function in DCM (Dilated Cardiomyopathy) rat
models and decrease in fibrosis following MSC transplantation. They suggest that HGF
released from MSCs is involved in reduction of collagen fraction in the myocardium
(Nagaya, Kangawa et al. 2005). It has been reported that MSC administration may knock
down cardiac fibroblast activity by secreting adrenomedullin and as a result decreases
myocardial fibrosis. Their suggestion is inhibition of collagen I and III gene by MSCderived ADM (Li, Zhang et al. 2009).

Angiogenesis secretion
Homing of MSCs to the injured tissue and recovery requires improvement of blood
supply, which according to studies is achievable via MSC transplantation. It has been
shown that delivered MSCs were attached in the renal microvascular and improve blood
stream, suggesting paracrine angiogenic factors role in neovascularization in ischemic
acute kidney (Tögel, Weiss et al. 2007). Also, Nagaya and colleagues (2005) described
MSCs taking part in myocardium improvement after delivery in DCM rat model, through
paracrine soluble secretion, resulting in neovascularisation (Nagaya, Kangawa et al.
2005).

Chemoattraction molecules
A wide range of molecules which are secreted from MSCs in culture can act as
chemoattractant for different cells in the body such as T cells, B cells, NK cells, dendritic
cells and hematopoietic and endothelial progenitors (Rollins 1997). These molecules
include CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP-1b), CCL5 (RANTES), CCL7 (MCP3), CCL20 (MIP-3a), CCL26 (eotaxin-3), CX3CL1 (fractalkine), CXCL5 (ENA-78),
CXCL11 (i-TAC), CXCL1 (GROα), CXCL12 (SDF-1), CXCL8 (IL-8), CXCL2 (GROβ) and
CXCL10 (IP-10) (reviewed by da Silva Meirelles, Fontes et al. 2009).

Homing to injury
Migration and engraftment of administrated cells into injured tissue and obtaining
functional effects is referred to as homing and is affected by various factors such as
culture methods, age, passage number, and dosage of MSCs (Rombouts and
Ploemacher 2003).
After systemic or local infusion of MSCs a cascade of events happens in order for MSC
homing to occur. Firstly circulating cells try to attach to the endothelial cells in the vessels
of injured tissue through their homing receptor, then Integrin (integrin α4/β1)
adhesiveness will be activated to firm the attachment and at the end MSCs release
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paracrine factors needed for tissue regeneration (Sackstein 2005). For instance, it has
been shown that following administration of MSCs to mice with ischemia reperfusion (IR)
kidney injury, the homing process along with anti-inflammatory modification by MSCs
paracrine activity, which stimulate “M2” populations of macrophage are the key features
of kidney tissue repair (Hoogduijn and Dor 2013, Wise, Williams et al. 2014).
The most common way to deliver MSCs into the target organ is intravenous (IV) injection
(Nomura, Honmou et al. 2005). However, the cells have been reported to become
trapped in other tissue capillary beds (Schrepfer, Deuse et al. 2007). Thus intra-arterial
(IA) delivery of MSCs in rat was introduced as improved method of systemic delivery
(Lundberg, Södersten et al. 2012). Another study claimed that IA administration of neural
progenitor cells in rat suffering from ischemic brain resulted in significantly higher level
of migration, distribution and number of cells settled in target brain than IV injection (Li,
Jiang et al. 2010). In some cases, like myocardial infarction (MI) a safe and effective
method to transplant MSCs into injured site, is direct injection into the necrotic
myocardium (Amado, Saliaris et al. 2005).

1.3.6. Clinical applications of MSCs
In addition to the properties of MSCs mentioned above, ease of isolation and high ex
vivo expansive potential make MSCs an attractive tool capable of playing a role in a wide
range of clinical applications. Whilst implantation of ESCs may carry the risk of forming
teratomas, MSCs are considered to be a much safer option for stem cell therapies to be
used in clinic (Sohni and Verfaillie 2013).
Treatment or prevention of steroid-resistant, severe, acute graft versus host disease
(GVHD) (Le Blanc, Frassoni et al. 2008) and chronic GVHD (Weng, Du et al. 2010) is
one of the major potential therapies that has been described for MSCs up until now.
Other potential applications include Improvement of HSC engraftment (FernándezGarcía, Yañez et al. 2015), treatment of autoimmune diseases (Voswinkel, Francois et
al. 2013) and regenerative therapy for chronic wounds such as diabetic wounds and
skin defects (Chen, Wong et al. 2012). Treating bone disorders, for instance
osteogenesis imperfecta (Horwitz, Gordon et al. 2002), as well as musculoskeletal and
nervous system regeneration (Bianco, Cao et al. 2013), are also promising prospects
for therapeutic application of MSCs. However, it should be considered that several
variables such as donor and source of the cells, culture conditions and environmental
factors might influence safety profile (Rombouts and Ploemacher 2003, Hoogduijn and
Dor 2013).
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1.4. MicroRNA (miRNA)
1.4.1. Introduction
In 1993 Lee and colleagues discovered the very first miRNA, lin-4, in Caenorhabditis
elegans (C elegans), which they believed affected lin-14 mRNA by RNA-RNA
interactions between the miRNA and the 3' untranslated region of the mRNA target (Lee,
Feinbaum et al. 1993). 7 years later, in 2000, another 21-nucleotide RNA was detected
in C elegans by Reinhart and colleagues which was named let-7 as a regulator of
developmental timing (Reinhart, Slack et al. 2000).
These short RNAs are known as micro RNAs (miRNA) and are described as a class of
short (20-22 nucleotide), noncoding RNA molecules which suppress protein synthesis at
the post transcriptional level of gene regulation by binding the 3′ untranslated regions
(UTRs) of messenger RNAs (mRNA), resulting in mRNA degradation and transcriptional
repression. MiRNAs are highly conserved in vertebrates and invertebrates (LagosQuintana, Rauhut et al. 2001, Bartel 2004).
As target mRNA binding is imperfect, each miRNA can potentially target several mRNAs.
On the other hand, each mRNA may be regulated by numerous miRNAs, suggesting
that miRNAs can influence almost 50% of the human genome regulation network and
consequently affect a highly diverse range of different biological processes from cell
survival to development and growth. Thus, any miRNA dysfunction may result in disease,
including, for example, cancer or cardiovascular disease (Lim, Lau et al. 2005, Finnegan
and Pasquinelli 2013, Clark, Kalomoiris et al. 2014).
In addition to their intracellular function, miRNAs are able to be released outside the cell
while retaining their function in a cell-to-cell communication manner. This mechanism is
governed by extracellular vesicles such as exosomes and micro-vesicles. miRNAs have
been shown to deliver genetic information via MSCs derived micro-vesicles (Collino,
Deregibus et al. 2010). Also, exosomes which are membrane vesicles are capable of
packaging and delivering miRNAs to other cells. These shuttled miRNAs are functional
in their new location (Van Niel, Porto-Carreiro et al. 2006, Valadi, Ekström et al. 2007).
Up until now about 38589 miRNAs have been registered by the miRbase database (22
release, 2018).

Although little is known regarding miRNAs and their regulatory
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expression, in recent years the possibilities of miRNA biogenesis and function have been
described.

1.4.2. miRNA genomics, biogenesis and function
Soon after the discovery of lin-4 and let-7 miRNA, let-7 RNA was detected in humans,
Drosophila and many other bilateral animals and it was predicted that more regulatory
RNA would be detected soon (Pasquinelli, Reinhart et al. 2000). It was determined that
these short RNAs are numerous and usually expressed in particular cell types with
specific functions. They were named microRNA (Lagos-Quintana, Rauhut et al. 2001,
Lau, Lim et al. 2001, Lee and Ambros 2001). Considering the number and expression
pattern of these RNAs, the theory of a distinct miRNA expression profile for each
developmental stage of a cell type came to the view and many 21-22 nt RNA were
identified in metazoa and plants (Bartel 2004).
In humans more than 70% of miRNA sequences are encoded by introns of noncoding or
coding transcriptional units and others encoded by exonic regions (Figure 1-2)
(Rodriguez, Griffiths-Jones et al. 2004). In 1993 Wightman and colleagues suggested
that seven binding sites in the lin-14 3′ UTR controls down-regulation of lin-14 post
transcriptionally at a certain developmental time point (Wightman, Ha et al. 1993). It has
been shown that in animals miRNA binding with their targets is imperfect and as
discussed, they are capable of combinatorial binding (Finnegan and Pasquinelli 2013,
Clark, Kalomoiris et al. 2014). Also, miRNA family members with the same seed
sequences are able to target different mRNAs if they have different 3′ ends (Olena and
Patton 2014).
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Figure 1-2; MiRNA genomic locations. A: MiRNAs can be located within exons or B: introns of
coding or non-coding transcripts. C: Some miRNA genes are intergenic and not subject to
splicing. D: MiRNA clusters consist of multiple miRNAs co-transcribed as part of one primary
transcript, which can be intronic or exonic (not shown) as part of a coding RNA or a non-coding
RNA.E: MiRNAs that are excised from introns by splicing instead of microprocessor activity are
called mirtrons. In this figure, blue colour represents non-transcribed DNA, pink represents exons,
and grey represents introns (Finnegan and Pasquinelli 2013).

After the discovery of miRNAs, the next step was to reveal the process of transcription
of these RNAs. In 1999 the study of miRNA biogenesis and function began on plants
(Hamilton and Baulcombe 1999) and soon after in 2000 work continued by discovery of
mRNA degradation by small RNA in Drosophila (Hammond, Bernstein et al. 2000, Yang,
Lu et al. 2000). Recently emerging evidence has demonstrated a canonical biogenesis
pathway as the main process method of miRNA biogenesis and function as well as two
non-canonical biogenesis pathways which happen for a minority of miRNAs, Drosha or
Dicer independent processes (Ha and Kim 2014, Olena and Patton 2014).
miRNA biogenesis starts by synthesis of long precursors usually by RNA polymerase II
in the nucleus, called pri-miRNA. These are generally several thousand nucleotides in
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length and undergo two sequential cleavages to become the mature 22 nucleotides
miRNAs. This long structure processes into precursor form by a microprocessor
complex, named pre-miRNA. Exporting into the cytoplasm by Exportin-5, miRNA
duplexes of 22 nucleotides results from dicer activity and forms the functional strand of
miRNA (reviewed by (Davis-Dusenbery and Hata 2010) (Figure 1-2).
Pri-miRNA is a long structure in which mature miRNA is embedded in its stem loop. This
hairpin is cleaved by a processing complex called microprocessor (Drosha-Pasha),
including Drosha, which contains two RNase III domains that cut and release the hairpin
from the pri-miRNA and DGCR8 or DiGeorge Syndrome Critical Region gene 8, also
called Pasha, as a cofactor. The resulting precursor named pre-miRNA with 60–70
nucleotides in length, is exported by Exportin-5 (XPO5) and cofactor Ran-GTP to
cytoplasm where it is protected from exonucleases by XPO5. Once exported into
cytoplasm, pre-miRNA must be cut into the 21–24 nucleotide duplex miRNA by Dicer, a
RNase III enzyme, again containing two domains, each responsible for cleavage of one
of the strands, without any cofactor. The miRNA duplex is loaded onto Argonaute (Ago)
proteins through a miRNA loading complex, consisting of Dicer, TAR RNA-binding
protein (TRBP), which may play a role in stabilisation of Dicer, and Argonaute and
produce the miRNA-induced silencing complex (miRISC). The presence of Ago, releases
Dicer from the complex and activates mature miRNA. After loading miRNA duplex,
miRISC quickly removes the passenger strand or unwinds the miRNA duplexes and
generates the mature RISC that pairs with its target mRNA to down regulate its
expression by mRNA cleavage, translational repression or deadenylation. The
passenger or star strand is degraded or in some cases are loaded onto Ago and repress
mRNA directly (Winter, Jung et al. 2009, Davis-Dusenbery and Hata 2010, Finnegan and
Pasquinelli 2013, Ha and Kim 2014). Typically the “seed sequence” which describes the
position 2-7 nucleotide located in the 5’ untranslated region (UTR) of miRNAs (Finnegan
and Pasquinelli 2013), is crucial when miRNA is pairing with the target mRNAs 3’ UTR
which called miRNA- binding site (Friedman, Farh et al. 2009). There is a common
feature of several miRNAs with identical sequences at nucleotides 2–8, which are
considered as a family (Bartel 2009). Also, those miRNAs transcribed from the same
primary transcript can form a polycistronic transcription unit, called a “cluster”, where
their members sometimes are related and are also considered as a family (LagosQuintana, Rauhut et al. 2001, Lau, Lim et al. 2001).
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Figure 1-3; Biogenesis of miRNAs. miRNA genes are transcribed by RNA-polymerase II (Pol II)
and form pri-miRNAs, which are processed by Drosha and the microprocessor complex subunit
DiGeorge syndrome critical region gene 8 (DGCR8), resulting in pre-miRNAs. The pre-miRNAs
are transported from the nucleus to the cytoplasm by Exportin 5. In the cytoplasm, Dicer cleaves
the pre-miNAs into mature miRNAs. With other proteins, Dicer and argonaute-2 (AGO2) form
RISC, which delivers mature miRNAs to their mRNA targets for gene silencing (Winter, Jung et
al. 2009).

As mentioned above, it is clear that miRNAs play critical roles in cell proliferation,
differentiation, apoptosis and other biological processes (Ichimura, Ruike et al. 2011,
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Dong, Yang et al. 2012). However, these regulatory components themselves are
modulated by several factors at different levels. Furthermore, signalling pathways which
control numerous miRNAs have been shown to be regulated by miRNAs via repression
of their target genes in animal cells (Ichimura, Ruike et al. 2011).

Regulation of miRNA Biogenesis
The regulation of miRNA biogenesis has been reported to occur at different levels. In
2007 Tsang and colleagues found that neuronal-enriched miRNAs were co-expressed
with their target genes. They suggested that this accurate coordination in the
transcriptional stage boosts gene regulation in mammalian genomes (Tsang, Zhu et al.
2007). Generally, the miRNAs belonging to the same cluster are co-transcribed, while
each individual miRNA is regulated at the post transcriptional level. An important
regulatory step in the biosynthesis of miRNAs is transcriptional regulation. This level of
biogenesis is regulated by RNA polymerase II (RNA Pol II) and its associated
transcription factors. Post transcriptional regulation happens during different steps, such
as during Drosha, Dicer or Ago activities (Ha and Kim 2014). At the Drosha level of
miRNA biogenesis a DNA binding protein called Smad plays important role (Davis,
Hilyard et al. 2008, Davis, Hilyard et al. 2010). However, KSRP, an RNA binding protein
facilitates pri-to-pre-miRNA processing at Drosha level too (Trabucchi, Briata et al.
2009). Sometimes the production of miRNA avoids the step of Drosha microprocessor
and pre-miRNAs are generated directly from the spliced introns of mRNA transcripts.
These miRNAs are synthesised by alternative biogenesis pathways and called mirtron
(Sibley, Seow et al. 2011). At the Dicer complex step, miRNA biogenesis can be
regulated by MAPK/ERK signalling (Ruggiero, Trabucchi et al. 2009). As for Drosha,
there is a bypass of Dicer, which regulates synthesis of mature miRNA (Cifuentes, Xue
et al. 2010). Although a broad number of regulatory factors involved in miRNAs
biogenesis and function have emerged, the mechanism by which many of them affect
miRNAs is not clear. It is expected that future studies will demonstrate different factors
and mechanisms regulating cellular processes (extensively reviewed by (Blahna and
Hata 2013).

miRNA and signalling pathways
Signalling pathways can act as inducers of miRNAs, whilst It has also been shown that
miRNAs can influence signalling pathways via regulation of feedback loops.
Consequently, they can control signals by both modulating terms of duration and
magnitude of effects. As signalling complexes are transient, dynamic and dosedependent, they are responsive to miRNAs to control gene expression (Inui, Martello et
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al. 2010, Ichimura, Ruike et al. 2011, Avraham and Yarden 2012, Ha and Kim 2014).
Apart from miRNA roles in general basic biogenesis processes, each individual miRNA
may be engaged in more advanced cellular functions, such as MSC proliferation and
differentiation.
Animal development depends on several main signalling pathways, namely the Notch
(N), Hedgehog (Hh), Wnt/Wingless (Wg), TGFβ, receptor tyrosine kinase (RTK), nuclear
receptor, Jak/STAT, and Hippo pathways (Gerhart 1999).
MAPK (ERK) signalling is a good example of signals which are regulated by miR-21 and
miR-150. Thum and colleagues in 2008 demonstrated the role of miR-21 in the regulation
of cardiac fibroblast by targeting MAPK signal. At the same time Yin and co-workers
showed miR-155 is induced by MAPK signalling in human B-cells. As can be seen
miRNAs are able to regulate or be modulated through signalling pathways (Thum, Gross
et al. 2008, Yin, Wang et al. 2008).
Lai and colleagues showed that Notch signalling pathway is one of the main miRNAs
targets in Drosophila (Lai, Tam et al. 2005). Roles of some specific miRNAs have been
demonstrated in previous studies as regulators of Notch signalling, which is an essential
regulator of numerous biological process including proliferation, differentiation, migration
and apoptosis. It has been reported that Notch is modulated by miR-2, miR-4, miR-7,
miR-11 and miR-79 (Wang, Li et al. 2010, Ichimura, Ruike et al. 2011).
The Hedgehog (Hh) signalling pathway is also known as a crucial modulator of
developmental and functional process and is inhibited by miR-125b, miR-326 and miR324-5p (Ferretti, De Smaele et al. 2008).
miRNA-8 has been identified as a Wnt signalling inhibitor. It modulates secretion of the
ligand and transcription of target genes and results in induction of adipogenesis (Kennell,
Gerin et al. 2008).
Taken together, multiple miRNAs have been identified which appear to have their
principle effects on different signalling pathways.

Figure 1-4 shows some critical

signalling pathways involve in biological processes and miRNAs which regulate these
signals.
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F: Hh signalling pathway
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Figure 1-4; Involvement of miRNAs in various signalling cascades. Many miRNAs are under the
control of various conserved signalling pathways and in turn regulate components of these
pathways, which results in the formation of complex regulatory networks. Model of regulatory
networks in the A) MAPK signalling pathway, B) Notch signalling pathway,
C) EcR signalling pathway, D) Hippo signalling pathway, E) TGF-β signalling pathway, F) Hh
signalling pathway, and G) Wnt signalling pathway.(Ichimura, Ruike et al. 2011)

1.5. MiRNAs and MSCs
A complex system of miRNAs may play important roles in controlling the differentiation
and function of both ESCs and MSCs and in the regulation of target genes which
determine MSC fate (Laine, Hentunen et al. 2012, Elnakish, Alhaider et al. 2013).
From overall function of the miRNA pathway in development of eukaryotes to their role
in self-renewal, proliferation, aging and migration of MSCs and reprogramming of
somatic cells have been demonstrated in different studies (Hsieh, Huang et al. 2013,
Ong, Lee et al. 2015). Also, it has been shown that MSC proliferation and differentiation
depend on complex signaling networks which, as discussed already, may be regulated
by miRNAs (Laine, Hentunen et al. 2012). In addition to those miRNAs that exist in all
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kinds of MSCs, the miRNA profile of MSCs depends on the tissue of origin, species, and
detection methodology. So, genetic modification of MSC results in alterations in their
miRNA profile (Clark, Kalomoiris et al. 2014).
Although the role of miRNA in ESCs has been well described and is discussed further in
Chapter 6, their function in MSC fate decisions is not fully understood yet.
Table 1-1 shows some miRNAs involved in human bone marrow derived MSC
proliferation and differentiation.

1.5.1. miRNAs and MSC Proliferation
MSCs proliferation is related to cell cycle progression while differentiation is often
associated with cell cycle arrest in G0/G1. Most miRNAs have dual effects on cell cycling.
Thus, they can act as modulators of both proliferation and differentiation (Clark,
Kalomoiris et al. 2014). For example, knockdown of miR-146a-5p in umbilical cord
Wharton’s jelly MSCs (WJ-MSCs) can inhibit proliferation of MSCs by targeting
Chemokine (C-X-Cmotif) ligand 12 (CXCL12), but there is no effect on osteogenic and
adipogenic potentials of BMSCs (Hsieh, Huang et al. 2013).
miR-21, which promotes osteogenesis and adipogenesis of human adipose tissuederived mesenchymal stem cells (hADSCs), can inhibit their proliferation by negative
regulation of both protein and mRNA levels of STAT3 and also reduce MSC apoptosis
during stress conditions (Elnakish, Alhaider et al. 2013, Clark, Kalomoiris et al. 2014).
let-7 family microRNAs also play a significant role in maintaining self-renewal of human
embryonic stem cells derived mesenchymal stem cells (hES-MSC) by down regulating
Hepatic Nuclear Factor 4 Alpha (HNF4A) (Koh, Sheng et al. 2010).
Multiple miRNAs have been identified to regulate MSC proliferation. Table 1-1 shows
some of these miRNAs and the role they may play in MSC proliferation.

1.5.2. miRNAs and MSC Differentiation
Numerous miRNAs are involved in regulation differentiation of MSCs into particular cell
types, (Elnakish, Alhaider et al. 2013). As with proliferation, the differentiation of MSCs
towards a specific lineage depends on a variety of signalling pathways, transcription
factors and miRNAs and it has been suggested that there is usually an inverse
correlation between adipogenesis and osteogenesis (James 2013).
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miRNAs and osteogenesis of MSCs
miRNAs have been shown to promote or inhibit osteoblastic differentiation of MSCs
through targeting numerous genes (Gradus and Hornstein 2010, Elnakish, Alhaider et
al. 2013). For example miR-320a has been shown to inhibit osteogenesis of MSCs by
targeting HOXA10 and suppressing its expression (Huang, Meng et al. 2016). miR-210
was also reported to increase osteogenesis via TGF-β signalling pathway and decreased
expression of the receptor ACVR1b (Mizuno, Tokuzawa et al. 2009), while miR-26a is
known as an osteogenic differentiation suppressor by targeting SMAD1 and reducing
bone marker genes, such as alkaline phosphatase, type I collagen, osteocalcin, and
osteopontin (Luzi, Marini et al. 2008, Elnakish, Alhaider et al. 2013). miR-196 modulates
Hedgehog signalling in early limb development (Hornstein, Mansfield et al. 2005) and
similarly, miR-135 and miR-133 can regulate BMP signalling by targeting Smad5 and
RUNX2 respectively (Li, Hassan et al. 2008).

miRNAs and adipogenesis of MSCs
miRNAs can promote or inhibit adipogenesis at different steps, such as fatty acid
synthesis or metabolism and regulate fat cell development, physiologically or
pathologically (Peng, Yu et al. 2014). Recently numerous miRNAs have been found to
either

positively

or

negatively

regulate

adipocyte

differentiation.

They

may

simultaneously have the opposite effect on differentiation of other lineages such as
osteoblasts. For example miR-705 and miR-3077-5p, the miR-30 family and miR-24
promote adipogenesis while inhibiting osteogenesis, whereas miR-143 and miR-371
increase adipogenesis without any change on osteogenesis (Clark, Kalomoiris et al.
2014). MiR-21 stimulates adipogenesis of MSCs via TGFβ signalling (Kim, Hwang et al.
2009) and miR-138 has been reported as an adipogenic suppressor miRNA (Yang, Bian
et al. 2010). More miRNAs are described which influence adipogenic differentiation in
Table 1-1.

miRNAs and chondrogenesis of MSCs
Several miRNAs have been shown to regulate chondrogenic differentiation of MSCs by
affecting all the signals and other factors involved in the process. For instance, miR-140
is a chondrocyte-specific miRNA which promote chondrogenesis in response to IL-1β
(Miyaki, Nakasa et al. 2009) and miR-23b increases chondrocyte formation via inhibition
of PKA signalling (Ham, Song et al. 2012). In contrast, miR-199a supresses
chondrogenesis by targeting Smad1 transcription factor (Lin, Kong et al. 2009).
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miRNA

EFFECT ON MSC

let-7

Inhibits
adipogenesis
migration of cell lines

miR-10a

Promotes differentiation into three
lineages and inhibits senescence
promotes osteogenic
inhibits chondrogenic
Promotes
G1
arrest
and
myogenesis
Promotes osteogenesis

miR-30c, -15b
miR-16
miR-20a
miR-21
miR-23a
miR-23b
miR-27a

Promotes
adipogenesis
osteogenesis
Inhibits osteogenesis
Promotes chondrogenesis
Inhibits osteogenesis

miR-29a
miR-29b

Inhibit chondrogenesis
Promotes osteogenesis

miR-30c
miR-31

Inhibits osteogenesis
Inhibits osteogenesis

miR-96
miR-106a
miR-124
miR-125b

promotes adipogenesis
Inhibits osteogenesis
Promote adipogenesis
Inhibits
osteogenesis
proliferation
Promotes survival
Promotes adipogenesis
Inhibits osteogenesis
Inhibits osteogenesis

miR-128
miR-138
miR-140
miR-146a-5p
miR-146b
miR-148a
miR-148b
miR-150-3p
miR-199a
miR-204/211
miR-222-3p
miR-224
miR-320a
miR-335

and

and

TARGET(S)

REFERENCE

IL6

(Sung, Liao et al. 2013)

KLF4

(Li, Dong et al. 2013)

BMP
genes
n.d.

inhibitor

PPARƔ,
CRIM1
SPRY2

BAMBI,

(Liu, Jiang et al. 2012)

FOXO3A
HDAC4,
CTNNBIP1,
DUSP2
n.d.
OSTERIX

(Li, Li et al. 2016)
(Ham, Song et al. 2012)
(Schoolmeesters, Eklund et al.
2009)
(Guérit, Brondello et al. 2014)
(Suh, Lee et al. 2013)
and

FABP4
n.d
FAB4
Osterix
P53

(Gao, Yang et al. 2011)
(Gao, Yang et al. 2011, Baglìo,
Devescovi et al. 2013)
(Laine, Alm et al. 2012)
(Gao, Yang et al. 2011)
(Laine, Alm et al. 2012)
(Yu, Cohen et al. 2012, Chen, Yang
et al. 2014)

VEGF pathway

(Zhang, Yao et al. 2017)

FAK

(Eskildsen, Taipaleenmäki et al.
2011)
(Miyaki, Nakasa et al. 2009)
(Hsieh, Huang et al. 2013)

Promotes chondrogenesis
Inhibits migration and promotes
proliferation
Inhibits chondrogenesis
Inhibits osteogenesis
Promotes osteogenesis

ADAMTS-5
CXCL12, SIKE1

Inhibits osteogenesis
Inhibits chondrogenesis
Inhibits osteogenesis
and Promote adipogenesis
Inhibits Osteogenesis

Β-Catenin
SOX9
RUNX2

SOX5
n.d.
n.d.

(Yan, Guo et al. 2016)

FABP4

(Bork, Horn et al. 2011)

n.d.

(Bork, Horn et al. 2011)
(Zhang, Huang et al. 2017)
(Gao, Yang et al. 2011)

miR-410
miR-424
miR-449a
miR-489

Inhibits chondrogenesis
Inhibits osteogenesis

Wnt3a
RUNX2, CBFB,
BMPs
LEF-1
n.d.

miR-499
miR-574-3p
miR-886-3p

Inhibits proliferation
Inhibits chondrogenesis
Inhibits migration

n.d.
RXRa
SDF-1a

miR-371

(Budd, De Andrés et al. 2017)
(Gao, Yang et al. 2011)
(Schoolmeesters, Eklund et al.
2009)
(Wang, Zhou et al. 2016)
(Laine, Alm et al. 2012)
(Huang, Zhao et al. 2010)

Smad5-RUNX2
signal
SMAD4
HOXA10
RUNX2

Inhibits osteogenesis
Inhibits osteogenesis
Inhibit proliferation, migration and
differentiation
Inhibit
adipogenesis
and
proliferation
Promotes
adipogenesis
and
inhibits proliferation
promotes chondrogenesis
Inhibits osteogenesis

miR-369-5p

(Zhang, Fu et al. 2011)
(Mei, Bian et al. 2013)

LRP5
PKA signalling
n.d.

and

(Gao, Yang et al. 2011)

(Luo, Cao et al. 2018)
(Huang, Meng et al. 2016)
(Tomé, López-Romero et al. 2011)

(Paik, Jung et al. 2012)
(Schoolmeesters, Eklund et al.
2009)
(Bork, Horn et al. 2011)
(Guerit, Philipot et al. 2013)
(Pillai, Yang et al. 2010)

Table 1-1; miRNAs suggested to be involved in human Bone Marrow-derived MSC fate
determination.
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1.6. Aim of the Study
Despite progress regarding the role of miRNAs in regulating MSCs, our understanding
of essential information about the role of specific miRNAs during MSC differentiation and
self-renewal is lacking. Identification of miRNAs which had not previously been reported
to participate in MSC fate decision and understanding their roles during this process may
improve our knowledge regarding the control of MSC fate decisions; i.e. their proliferation
and commitment to specific differentiation pathways.
Therefore, the studies described in this thesis aim to test the hypothesis that miRNAs
can regulate human bone marrow MSC fate decisions.
The specific objectives of the studies are:
➢ to test the effects of candidate miRNAs that have previously been reported to
regulate function of other stem cells, on MSC fate decisions;
➢ to identify other miRNAs that regulate MSC fate decisions by studying their
expression during MSC differentiation into osteoblast and adipocyte phenotypes,
using qRT-PCR and PCR array;
➢ to determine the role of target miRNA (miR-302a and miR-302b) in the regulation
of MSC differentiation, using gain of function and loss of function.
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2. Materials and Methods
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2.1. Cell culture and differentiation
Commercially available human bone marrow mesenchymal stem/stromal cells
(hBMSCs) were purchased from Lonza (Basel, Switzerland). All cell lines were originally
derived from bone marrow aspirates from iliac crest of anonymous volunteer donors in
the USA. Donors were all young adults aged between 22 and 27 years old. They arrived
at passage 2 and were expanded using α modification-Minimal Essential Medium (αMEM) (Sigma-Aldrich, St. Louis, USA, cat no: 4526), penicillin 50 U/ml, streptomycin 50
µg/ml (Sigma-Aldrich, St. Louis, USA, cat no: P0781), 2 mM glutamine (Sigma-Aldrich,
St. Louis, USA, cat no: G7513),10% foetal bovine serum (Biosera, South America Origin,
cat no: FB-1001G) (Herein referred to as normal or growth media). Cells were stored at
passage 3 in liquid nitrogen after adding 10% dimethyl sulfoxide (DMSO).
Initially we examined differentiation capacities of three different cell lines derived from 3
different donors, namely MSC1: Lonza8, Passage5, MSC2: Lonza7, Passage5 and
MSC3: Lonza1, Passage3. However, chapter 4 begins with an experiment with 4 groups
of cells which are slightly different from initial experiment. MSC1: Lonza8, Passage5,
MSC2: Lonza8, Passage3, MSC3: Lonza7, Passage5 and MSC4: Lonza1, Passage3
are groups of cells used for first part of miRNAs identification, although for the rest of
experiments we used the MSC1 cell line only.

2.1.1. Cell growth
MSCs were thawed in a water bath at 37°C immediately after retrieval from liquid
nitrogen and cells were seeded at the density of 2000 cell/cm2 in 75 cm2 flasks containing
normal media and incubated at 37°C in the presence of 5% CO2. After 24 hours, medium
was replaced by fresh normal medium and then fed every 72 hours until cells reached
confluency. Cells were sub cultured after about 10 days. To detach the cells from the
flask, 2 ml of 1% Trypsin (5 ml Trypsin (Sigma-Aldrich, St. Louis, USA) and 45 ml PBS)
was added to confluent cells and left for 5 minutes at room temperature. MSCs were
seeded into 12-well plates (Nunc, Fisher Scientific, and Loughborough, UK) and grew
and differentiated into osteoblast, chondrocyte and adipocyte by using inductive medium
described below, which was replaced twice a week, whilst cells were incubated at 37°C
in presence of 5% CO2. For RNA analysis cells were lysed in Trizol reagent (Ambion,
Warrington, UK) and stored at -80°C or used directly for preparing total RNA.
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2.1.2. Differentiation
Osteogenic differentiation
To induce osteoblastic differentiation, MSCs were seeded into 12-well plates at a density
of 2000 cell/cm2. They were treated for 21 days with osteogenic medium consisting of
0.1 µM dexamethasone, 0.05 mM ascorbic acid-2-phosphate and 10 mM βglycerophosphate (Sigma–Aldrich, St. Louis, USA) into 500 ml normal medium with
foetal calf serum (First Link UK, cat no: 02-00-850). Osteogenic differentiation was
assessed by qRT-PCR analysis of mRNA expression of the osteogenic markers RUNX2, ALP and osteocalcin (OSC) in parallel with Alizarin Red staining.

Adipogenic differentiation
To induce adipocytic differentiation, MSCs were seeded with a density of 3500 cell/cm2
and treated by adipogenic differentiation medium consisting of growth medium,
supplemented by 1 µM dexamethasone, 0.25 mM isobutyl methylxanthine (IBMX) and
10 µg/ml insulin (Sigma–Aldrich, St. Louis, USA) for 21 days. MSC adipogenesis was
examined by measuring adipogenic specific genes, PPARƔ, CEBP and FAB. Oil Red O
staining was performed to stain fatty acid accumulation.

Chondrogenic differentiation
To induce chondrogenic differentiation cell aggregation was performed, using 96-well
plates and 2.5 x 105 cell/cm2 and 200 μl of normal medium. Chondrogenic medium,
consisting of α-MEM supplemented with 10% FBS (First Link UK, cat no: 02-00-850), 1
µM dexamethasone, 1 µM ascorbic acid, 1% sodium pyruvate (Invitrogen) and 10 ng/ml
transforming growth factor-beta 1 (TGF-β1) (Peptrotech, Rocky Hill, NJ, USA) was
added into each well and centrifuged for 5 minutes at 2000rpm, then incubated at 37°C
in presence of 5% CO2 for 24 hours and then cells spheres were floated freely in the
medium. Chondrogenic induction continued for 21 days along with normal medium
treatment as control. We assessed chondrogenic differentiation by comparing SOX9
expression in control and induced cells by qRT-PCR.
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2.2. Staining
2.2.1. Alizarin Red
To validate osteoblastic differentiation capacity of MSCs, accumulation of calcium
deposits was determined by alizarin red dye staining.
1% Alizarin red solution was prepared by adding 90 ml distilled water into a glass beaker
containing 1g of Alizarin powder and stirred on a magnetic stirrer. To adjust the pH to
4.2, 0.5 mol KOH was added to the solution and made up to 100 ml with distilled water
and filtered through a filter paper.
After washing with phosphate buffer saline (PBS), cells were fixed with 4% formaldehyde
(4g formaldehyde powder in 80 ml PBS) for 15 minutes and then washed by adding 2 ml
per well distilled water. Next, mineralised matrix was stained, using 1% alizarin red for 5
minutes and then washed with 50% ethanol 5 times and air-dried. Mineralized deposits
of calcium stained a red colour.

2.2.2. Oil Red O
In order to stain lipid vacuoles within adipocytes, 3 parts oil red O from stock (5g oil red
O in 100 ml absolute isopropanol (Sigma-Aldrich, St. Louis, USA), were added to 2 parts
distilled water and mixed at room temperature for 15 minutes. The solution was then
added to fixed cells for 15 minutes, washed with 60% isopropanol and then twice with
PBS. Lipid vacuoles within adipocytes stained a red colour which could be detected
under microscope.

2.3. RNA Extraction
Total RNA was extracted using Phase Lock Gel Heavy tubes (5 prime, VWR,
Leicestershire, UK) by adding 200 μl of Chloroform per 1000 μl of Trizol reagent, shaking
vigorously followed by 5-15 minutes incubation at room temperature. The solution was
then centrifuged for 5-15 minutes at 12000 rpm at 4°C to separate the aqueous phase.
To precipitate RNA 500 µl isopropanol per 1000 µl aqueous part was added to Eppendorf
tubes, and again incubated for 5-10 minutes at room temperature. To obtain the total
RNA pellet the solution was centrifuged for 10-15 minutes at 4°C and 12000 rpm. After
discarding the aqueous part, 1ml of 75% ethanol was added to resuspend the pellet. The
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tubes were centrifuged for 5 minutes at 7300 g and then ethanol was poured away gently,
and the pellet was air dried. Pellets were dissolved in 14 μl RNase free water (Qiagen).
miRNA quality and quantity analysed using Nano Drop 1000 Mass spectrometer (Fisher
Scientific). Ratios A260/A280 1.8–2 were considered to be of high purity and used for
cDNA synthesis.

2.4. Reverse Transcription (RT)
2.4.1. cDNA synthesis to detect mRNA
To remove possible contaminating genomic DNA, 2µl of gDNA Wipeout buffer from
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) was added to 1µg of
total RNA plus RNase free water to make up volume up to 14µl and incubated for 2
minutes at 42°C. Reverse-transcription master mix was prepared according to
manufacturer’s protocol. Each template RNA was added to 6 µl of RT master mix with
gentle pipetting before being incubated at 42°C for 20-25 minutes to allow for primer
extension and first strand synthesis. Finally, incubation at 95°C for 3 minutes deactivated
reverse transcriptase enzyme to end the reaction. To reach Suitable for PCR reaction,
water was added to the solution to adjust the final concentration to 10-20ng cDNA and
stored at -20°C.

2.4.2. cDNA synthesis to detect miRNA
To make cDNA for miRNA detection, reverse transcription assay was performed using
miScript II RT Kit (Qiagen, Hilden, Germany, cat no:218161). Master mix was made from
4 μl of miScript HiFlex Buffer and 2 μl of miScript Nucleics Mix and 2 μl of miScript
Transcriptase Mix, for each cDNA synthesis reaction and added to 1 μg of RNA and
water for a total volume of 20 μl per reaction, following by 60 minutes incubation at 37°C
and 5 minutes at 95°C, using Applied Biosystems Veriti machine. Then cDNA was diluted
with RNase-free water to obtain 10-20 ng cDNA per PCR and stored at -20°C for further
analysis.

2.5. Quantitative Polymerase Chain Reaction (qPCR)
Real-time qPCR was performed with two different protocols, one to detect mature RNA
and measure osteoblast, adipocyte and chondrocyte specific genes and the other one to
evaluate miRNA expression. All real-time qPCR was performed using MxPro-Mx3000P
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software on a Rotor-Gene 6000 thermal cycler (Stratagene, Agilent Technologies,
Cheshire, UK) and analysed by the ∆∆Ct method.

2.5.1. mRNA qPCR
qPCR was carried out using 10 μl iTaqTM Universal SYBR Green Supermix (Bio-Rad,
US, cat no:172-5124) and a final concentration of 200–500 nM for each reverse and
forward primers which are available pre-designed (Sigma-Aldrich) (Table 2-1) into cDNA
(0.5 pg–100 ng*), diluted in Nuclease-free water to adjust the final volume to 20 μl per
reaction. RPL13a was used as house-keeping gene. Thermal profile was applied as
below:
1 cycle of 95°C for 40 seconds and 40 cycles of 95°C for 5 seconds and 60°C for 20
seconds, followed by melting analysis of 1 cycle with 1 minute of 95°C, following by a
decrease of 55°C for 30 seconds which increased to 95°C for 30 seconds.

Gene

Gene Acc

Forward 5’-3’

Reverse 5’-3’

RPL13a

NM 000977

GGATGGTGGTTCCTGCTG

TGGTACTTCCAGCCAACCTC

RUNX2

NM_001015051

AATGGTTAATCTCCGCAGGTC

TTCAGATAGAACTTGTACCCT

ALP

NM_000478

AACACCACCCAGGGGAAC

TGGCTGGTTCACTCTCGT

OSC

NM_199173

CATGAGAGCCCTCACACTCC

ACCTTTGCTGGACTCTGCAC

PPARƔ

NM_138712

TGCAGTGGGGATGTCTCATA

CAGCTGGTCGATATCACTGGA

FAB4

NM_001442

GGCCAGGAATTTGACGAAGT

TTTCCATCCCATTTCTGCAC

CEBPβ

NM_006579

CTCTCTGCTTCTCCCTCTGC

CGTGTACACACGCGTTCAG

SOX-9

NM_000346

TCCAGCAAGAACAAGCCACAC

CCTTTTTGTGCTGCATCCG

SPP1

NM001251830

CAGTGACCAGTTCATCAGATTCATC

CTAGGCATCACCTGTGCCATACC

Table 2-1; Primer sequences for the human genes used in the study

2.5.2. miRNA qPCR
In order to measure miRNA expression, miScript SYBR Green PCR Kit (Qiagen, Hilden,
Germany, cat no:218073) was employed. The procedure was performed by adding 7μl
of master mix per reaction, containing 5 μl of QuantiteTect SYBR Green PCR Master
Mix and 1 μl of miScript Universal Primer and 1 μl of miRNA Primer (Table 2-2) into ≤1
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μl of cDNA and a variable amount of water. RNU6 was used as house-keeping gene and
the thermal profile followed as below:
1 cycle of 95°C for 15 minutes and 40 cycles of 94°C for 15 seconds and 55°C and 70°C
each for 30 seconds, followed by melting analysis of 1 cycle for 1 minute of 95°C,
followed by a decrease to 55°C for 30 seconds which then increases to 95°C for 30
seconds.

miRNA

5’-3’

RNU6

GGCAGCACATATACTAAAATTGGAA

miR-302a

TAAGTGCTTCCATGTTTTGGTGA

miR-302b

TAAGTGCTTCCATGTTTTAGTAG

miR-302c

TAAGTGCTTCCATGTTTCAGTGG

Table 2-2; Primer sequences for miR-302 family and house-keeping used in the study

2.5.3. qRT-PCR Data analysis and Statistics
The qRT-PCR data was analysed using the 2-ΔΔCT (∆∆Ct) method to calculate relative
gene expression normalised to a housekeeping gene (Livak and Schmittgen 2001, Rao,
Huang et al. 2013).
One-way or two-way ANOVA with Bonferroni’s post hoc test and, where appropriate,
unpaired T-test, were used to determine whether differences in genes or miRNA
expression in the treated cells were statistically significant from control. Statistical
analysis was performed using Prism 7.04 software (Graph Pad Software Inc.). Data are
expressed as means  S.D and the statistical significance was set at p<0.05.

2.6. PCR array
miScript miRNA PCR Array kit, format E, 384-wells, from Qiagen was used according to
the manufacturer’s instructions (Qiagen, Hilden, Germany). Osteogenic, adipogenic and
osteo/adipogenic clonally derived MSC cDNA were used as sample of interest and nondifferentiating clone as control in the array. The cDNAs for this experiment were
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generated by using miScript II RT Kit (Qiagen, Hilden, Germany, cat no:218161) with
miScript HiSpec Buffer from frozen RNAs which was kindly given to us by Dr. Gharibi.
These RNAs were extracted from single clones MSCs which were established by limiting
dilution of cell suspensions of MSC cultures. The multipotent differentiation capacity to
osteogenic or adipogenic linages, bipotential (osteogenic and adipogenic) and nondifferentiated colons were determined by morphological examination and gene
expression analysis of the osteogenic (Runx2 and ALP) and adipogenic (PPARγ and
LPL) markers by qRT-PCR.
To prepare master mix, according to the manufacturer’s instructions, 2050μl QuantiTect
SYBR Green PCR Master Mix and 410 μl miScript Universal Primer, 1540 µl RNase-free
water and 0.5–1 ng cDNA per well were gently mixed and then 10 μl of master mix
applied per well. The plate was centrifuged for 1 min at 1000 g at room temperature. The
details of thermal profile using the Bio-Rad system is shown below (Table 2-3)

C ycles

Step

Duration of c ycle

Temperature

1

Initial activation step

15 minutes

95°C

40

Denaturation

15 seconds

94°C

Annealing

30 seconds

55°C

Extension

30 seconds

70°C

Table 2-3; Thermal profile cycles used for PCR array

The data were analysed automatically using the ∆∆Ct method, using data analysis
software which is available at http://pcrdataanalysis.sabiosciences.com/mirna.
In this format, C. elegans miRNA-39 miScript Primer Assay, 3 sno/snRNA miScript PCR
Control (SNORD61/95/96A), miRTC miScript Primer Assay AND positive PCR control
(PPC) were used as reference RNAs.

2.7. Transfection
To verify the effects of miRNA-302 family on MSC fate decisions, miRNA inhibitors were
introduced into the cells to decrease miRNA expression level (Stenvang, Petri et al.
2012). Subsequently specific miRNA mimics were also used to simulate over expression
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of miRNA-302 family members. The phenotypical consequences of transfection of either
of inhibitor or mimic were investigated after treatment with differentiation media.
Having opted for non-virally induced transfection, lipofection and electroporation were
performed as two compared methods of miRNA transfection into MSCs and then the
experiment followed by transfecting miRNA inhibitor or mimic via lipofection.

2.7.1. Electroporation
This experiment was performed using NeonTM Transfection System Machine (Invitrogen
TM). First, cells were washed and detached from culture flask using Trypsin and
centrifuged for 5 minutes at 1500 rpm in a Universal tube. After discarding medium, PBS
was added to the cells and centrifuged again for 5 minutes at 1500 rpm. PBS was
discarded and the pellet re-suspended using 100 μl of Resuspension Buffer from
NeonTM Kits at the final density of 1.5×105 cell per well and transferred into 1.5 ml microcentrifuge tube. 10-200 nm of siRNA added into the tube containing cells. This mixture
was aspirated by NeonTM Pipette without any air bubbles and then the NeonTM pipette
was inserted into NeonTM Tube which already filled by 3 ml Electrolytic Buffer E2 and
placed in NeonTM Pipette Station. Optimised electroporation parameters were chosen
from database and after three electric pulses electroporation was completed. NeonTM
Pipette removed from NeonTM Tube and cells were added into the wells containing 1 ml
pre-warmed medium without antibiotics and gently incubated at 37°C presence of 5%
CO2 for 24 hours and NeonTM Tip was discarded into a biological hazardous waste
container. We followed the recently optimised protocol by Dr. Gharibi and only changed
the concentration of the inhibitor, as suggested by the manufacturer, to reach the best
results.

2.7.2. Lipofection
Using 12 well plates, 1.2 x 105 MSC per well were seeded with 500 μl of normal medium
containing 10% foetal bovine serum (Biosera, South America Origin, Cat no: FB-1001G).
Master mix consists of 3 μl of transfection reagent called Attractene (Qiagen, Hilden,
Germany), 200 μl of serum free culture medium and optimised amount of inhibitor, mimic
or negative control per well was made and incubated for 5-10 minutes at room
temperature and then added to the cells drop-wisely and incubated at 37°C in the
presence of 5% CO2 for 24 hours. Next, transfection media was replaced by
differentiation media or cells were lysed using Trizol for RNA extraction and further
investigation. The experiment was repeated several times with different seeding
56

densities of cells and inhibitor/mimic concentration (from low to high) to reach the
optimised protocol described here.

MiRNA-302 Inhibitor
To knock down miRNA-302 family, miScript miRNA Inhibitor (Qiagen, Hilden, Germany)
was used which is a synthetic single stranded, 2-OMe modified RNA oligos. Negative
control (Qiagen, Hilden, Germany) is chemically synthesized, single-stranded, modified
RNA that has no homology to any known mammalian gene, transfected into the cells in
parallel with inhibitor. MiR-302 family inhibitor or negative control were added to master
mix with the optimized final concentration of 5 nM per well.

MiRNA-302 Mimic
To test the effect of overexpression of miR-302 family members on MSCs and validate
the data from knock-down experiments, miRNA-302a and miRNA-302b mimic were
transfected into the cells by the lipofection protocol.
MiR-302b Mimic
miRCURY LNA™ microRNA mimics (Exiqon, Vedbaek, Denmark) were selected to
induce individual miR-302b over expression in MSCs. By introducing miRNA mimic into
cells, the proportion of RISC for this particular miRNA rises and the activity of miRNA
increases. miRCURY LNA miRNA Mimic designed base on three RNA strands (Figure
2-1). One guide strand and two segmented LNA-enhanced passenger strand which is
not able to be loaded into the RISC and ensure that the resulted elevated miRNA activity
is from guide strand only (Manufacture handbook). MSCs were transfected by negative
control (Exiqon, Vedbaek, Denmark) along with miR-302b mimic. The optimised final
concentration of both miR-302b mimic and negative control was 0.5 nM per well.
MiR-302a Mimic
miScript miRNA Mimics (Qiagen, Hilden, Germany) are chemically synthesized, doublestranded RNAs which mimic naturally occurring miRNAs after transfection into the cells.
AllStars Negative control (Qiagen, Hilden, Germany) is a siRNA with no homology to any
known mammalian gene to minimise nonspecific effects. Both miR-302a mimic and
negative control were transfected into MSCs with the optimised final concentration of 1
nM per well.
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guide strand

passenger strand
made of two LNA- modified strand

Figure 2-1; miRCURY LNA miRNA Mimics consists of three RNA strands. An unmodified miRNA
(guide) strand has sequence exactly according to the miRBase annotation. The passenger strand
is split into two LNA-modified RNA strands that are complementary to the miRNA strand.

2.8. MTT Assay
To evaluate cell proliferation of MSC and measure the number of viable cells, the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium) reduction
assay was performed. MTT is a tetrazolium compound which penetrates viable cells
(Riss, Moravec et al. 2016) .
First, cells were seeded in 96-well plates and treated with growth media. For assays 25
mg of MTT powder was dissolved in 25 ml of PBS at 37°C. Using normal medium without
Ascorbic Acid, a %10 dilution of MTT solution was made and filtered. 100µl per well of
this solution was added to the cells and incubated at 37°C for 3 hours. When crystals
were visible under the microscope, the solution was removed from wells by gentle
tapping onto a wad of tissues and replaced by 100µl per well of DMSO. Plates were then
left on a shaker at medium speed for 5 minutes. The plate was transferred to a microplate
reader machine to measure its absorbance using Quicklink program with reference
wavelength of 630nm and absorbance maximum 570 nm.
MTT data were analysed by two-way ANOVA with Bonferroni’s post hoc test to determine
whether time and treatment had any statistically significant effect on cells viability.
Statistical analysis was performed using Prism 7.04 software (Graph Pad Software Inc.).
Data are expressed as means  S.D and the statistical significance is set at p<0.05.
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2.9. Alkaline Phosphatase (ALP) activity assay
Alkaline phosphatase (ALP) was measured enzymatically by the release of (the yellow)
p-nitrophenol product from the action of ALP on the substrate p-nitrophenyl phosphate
(Baykov, Evtushenko et al. 1988).
Cells were seeded in 96-well microplates. For ALP assay culture media were discarded
and cells washed with100 µl of PBS. 50 µl of distilled water was added to each well and
the plate was left in the incubator at 37°C for 15 minutes, following by incubating at 80°C for 20 minutes. This freezing-thawing procedure was repeated 2 more times.
Using Glycine 0.1 M, pH 10.3, a serial dilution of p-nitrophenol standard was prepared
down to 3.125 µg/ml with the final volume 100 µl. Then, substrate reagent was prepared
from 20 mg of p-Nitrophenyl phosphate, 17 mg of magnesium chloride hexahydrate, 40
µl of Triton X-100 and 5ml 0.1 M Glycine, pH 10.3 and added to the samples at the
volume of 50 µl per well. All the reagents were made freshly for each run. The plates
were covered with aluminium foil and shaken for 2 minutes on a Titertek plate shaker.
The absorbance was read immediately at 405nm (reference wavelength 630nm) on the
Biorad reader. The reading process was repeated after 1, 5, 10 and 20 minutes after
incubation of plate at 37°C.
Data from ALP activity assay were statistically analysed using unpaired T-test method to
determine whether differences in ALP enzyme activity between control and treated cells
are statistically significant. Statistical analysis was performed using Prism 7.04 software
(Graph Pad Software Inc.). Data were expressed as means  S.D and the statistical
significance set at p<0.05.
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3. Characterisation of Mesenchymal Stem Cell Lines
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3.1. Introduction
As discussed in Chapter 1, the general characteristics of MSCs are self-renewal and
multipotency, that is, their ability to differentiate into mature mesenchymal cell
phenotypes including osteoblasts, adipocytes and chondroblasts (Friedenstein,
Chailakhjan et al. 1970, Friedenstein 1974, Jiang, Jahagirdar et al. 2002). This
multipotent differentiation potential was proposed by Dominici et al in 2006, as one of
the minimal criteria to define MSCs (Dominici, Le Blanc et al. 2006). The MSC lines
used in the experiments described in this thesis are primary lines derived from human
bone marrow sources. As it is recognised that these lines show significant heterogeneity,
the experiments in this chapter were carried out to characterise the cell lines to be used
for later experiments.

3.1.1. Differentiation
In these studies, we carried out preliminary studies to validate capability of differentiation
into three mesenchymal lineages in 3 different MSC lines. Differentiation of MSCs to
each lineage was observed by measuring expression of lineage-specific genes.

Differentiation Markers
As already mentioned in chapter 1, RUNX2 is the osteoblastic signature marker which is
expressed at the very beginning of the osteogenic process (Mizuno and Kuboki 2001).
ALP is an early differentiation gene that stimulates mineralisation (Aubin 2001, Robey
2003). ALP expression reportedly increases until week 3 in in vivo culture (Mizuno and
Kuboki 2001). OSC is another osteoblastic marker which is expressed during
mineralisation and regulates osteoclast function (Mizuno and Kuboki 2001, Robey 2003).
SPP1 is also expressed during osteoblast differentiation and is a potential marker of
bone formation (Chellaiah and Hruska 2003). We have measured these four markers to
validate our MSC line differentiation capacity into the osteoblastic lineage.
PPARƔ is the most dominant regulator of adipogenesis and is used as an early adipocytic
marker (Rosen and MacDougald 2006). C/EBPβ is known as another early adipocytic
gene which plays an important role in stimulation of PPARγ (Farmer 2006). FABP4 acts
as a regulator of adipocyte homeostasis and lipid metabolism (Hertzel and Bernlohr
2000, Michalik, Auwerx et al. 2006). These three adipocytic markers have been used to
show our MSC lines adipocytic potential in culture. In addition, we used SOX9 expression
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in 3D culture as the main chondrogenic marker of MSC differentiation (Bi, Deng et al.
1999).

3.2. Aim of the study
The aim of the studies in this chapter was to validate the mesenchymal stem cell
characteristics of 3 MSC lines derived from human bone marrow in order to allow them
to be utilised for future experiments.

3.3. Material and Methods
The full details of methods used in these experiments are described in chapter 2. To
validate MSC line differentiation capacity, cells were seeded and then treated with
differentiation media to measure osteoblast, adipocyte and chondrocyte differentiation
for up to 21 days.

After cell lysis using Trizol, they were frozen or used for further

processing directly. RNA extraction and reverse transcription were done to make cDNA
for utilisation in the qPCR. MSC1: Lonza8, Passage5, MSC2: Lonza7, Passage5 and
MSC3: Lonza1, Passage3 are three different groups which were examined in the
experiment described in this chapter. All three groups of MSCs derived from young adult
donors (20-35 years old).

3.4. Results
3.4.1. Gene expression
Comparing MSC1, MSC2 and MSC3
In order to confirm differentiation of MSC and compare the cell lines, specific gene
expression profiles were examined by real-time qRT-PCR at several time points in three
different cell lines generated from different individual donors; MSC1, MSC2 and MSC3.
Osteoblastic marker expression
The expression of RUNX2, ALP, OSC and SPP1 were tested at baseline (24 hours after
seeding) and day 1,2, 7, 14 and 21 of osteoblastic induction of MSCs. As can be seen
RUNX2 showed an almost 5 fold increase during the second week in three different cell
lines. The peak of expression occurred at different days in each cell line (Figure 3-1).
ALP showed up-regulation of approximately 10 fold by day 7 in MSC1 and MSC2 then
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gradually decreased. However, its increase in MSC3 was less than 2 fold. OSC in MSC1
increased and reached to 3.5 fold by day 7 and in MSC3 OSC was elevated at day 21.
No marked changes were identified in SPP1 expression during osteogenic induction in
this study (Figure 3-1).
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Figure 3-1; Osteoblastic gene expression in three different MSC lines; MSC1: Lonza8,
Passage5. MSC2: Lonza7, Passage5 and MSC3: Lonza1, Passage3 assessed by qPCR. All the
values were normalised to the reference gene RPL (Ribosomal Protein L).Cells from different
donor were seeded in duplicates (n=2) and cultured with osteogenic media for up to 21 days. Fold
changes of relative expression were calculated based on day 0 for each cell line separately using
the ∆∆Ct method and expressed as fold change. Error bars indicate standard deviation.
A: RUNX2 expression B: ALP expression C: OSC expression D: SPP1 expression. Overall
increase in expression of RUNX2, ALP and OSC.
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Adipocytic marker expression
The expression of PPARƔ, CEBPβ and FAB4 were measured at baseline (24 hours after
seeding) and day 1, 2, 7, 14 and 21 of adipogenic induction of three groups of MSCs and
used for validation of MSC adipogenesis in our study.
PPARƔ expression was up-regulated in two groups. In MSC1 it increased and reached
a peak of 25 fold and then gradually decreased. In the MSC3 it increased continuously
almost 10 times by day 21. CEBPβ expression increased with time in culture, and a
dramatic fold change of 280 and 350 at day 21 was seen in MSC1 and MSC2
respectively. FAB4 expression was greatly increased with a 300000 fold increase in
MSC1 and 450000 fold increase in MSC3 on day 21. Although FAB4 expression of
MSC2 was low on day 14 and 21 a 200000 fold rise in day 7 was detectable (Figure 32).
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Figure 3-2; Adipocytic genes expression in three different MSC lines; MSC1: Lonza8, Passage5.
MSC2: Lonza7, Passage5 and MSC3: Lonza1, Passage3 assessed by qPCR. All the values were
normalised to the reference gene RPL (Ribosomal Protein L).
Cells from different donor were seeded in duplicates (n=2) and being cultured with adipogenic
medium up to 21 days. Fold changes of relative expression were calculated based on MSC day
0 for each cell line separately, using ∆∆Ct method and expressed as fold change. Error bars
indicate standard deviation. A: PPARƔ expression B: CEBPβ expression C: FAB4 expressed
up-regulation during differentiation.
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Further validation of MSC1 (L8, P5) Differentiation
Since MSC1 showed the most consistent osteoblastic and adipocytic specific gene
expression patterns, it was decided to continue the whole project using this cell line.
Therefore, differentiation capacity of MSC1 was examined again, culturing cells at
passage 5 in 4 replicates for 21 days and at the baseline of 24 hours. Cells were treated
by appropriate differentiation media or normal growth medium as controls, and qRT-PCR
was performed to measure gene expression at different time points.

Osteoblastic marker expression
The expression of RUNX2 and ALP increased significantly with time in test cells treated
with osteogenic induction media (P<0.05). RUNX2 increased during the first 7 days of
differentiation and then decreased by day 14 and maintained this level afterwards. ALP
expression continued to increase throughout the experimental period up to day 21. OSC
expression showed no significant changes (Figure 3-3).
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Figure 3-3; Osteoblastic gene expression in MSC1 (P5), assessed by qRT-PCR. All the values
were normalised to the reference gene RPL (Ribosomal Protein L). MSCs were seeded in 4
replicates (n=4) and cultured with either normal growth media for control group (NM) or
osteogenic media for treatment group (Osteo), up to 21 days. Data were calculated, using the
∆∆Ct method and expressed as fold change of relative expression based on day 0. Error bars
indicate standard deviation.
A: RUNX2 expression B: ALP expression C: OSC expression
Two way ANOVA shows overall significant effect of treatment (*) and time (+) on RUNX2 and ALP
expression (P<0.05), which is indicated at chart title. Bonferroni’s post-test shows significant
increase in RUNX2 expression from day2 and in ALP expression from day 14 (P<0.0001).
However, no significant changes were detected in OSC expression.
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Adipocytic Marker expression
In parallel with the osteogenic induction of MSC adipogenic medium treatment was done
and adipocytic markers were measured at the same time points as for the osteogenic
experiment and the results were compared to control cells treated with normal growth
media. PPARƔ increased gradually and reached a peak by day 21 of around 10 fold.
(Figure 3-4) There was a significant higher expression than normal medium treatment
for each time point from day2 (P<0.05). CEBPβ expression was slightly up-regulated
during differentiation by up to 2.5 fold. Although its expression decreased gradually after
day7, it still showed higher expression than normal treatment (P<0.05). FAB4 increased
gradually and was dramatically increased at day 21 (P<0.05).
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Figure 3-4; Adipocytic gene expression in MSC1 (P5), assessed by qPCR. All the values were
normalised to the reference gene RPL (Ribosomal Protein L).
MSCs were seeded in 4 replicates (n=4) and being cultured with either growth media for control
group (NM) or adipogenic media for treatment group (Adipo), up to 21 days. Data were calculated,
using the ∆∆Ct method and expressed as fold change of relative expression based on day 0.
Error bars indicate standard deviation.
A: PPARƔ expression B: CEBPβ expression C: FAB4 expression
Two way ANOVA shows significant effect of treatment (*) and time (+) on PPARƔ, CEBPβ and
FAB4 expression (P<0.05), which is indicated at chart title. Bonferroni’s post-test showed
significant increase in PPARƔ and CEBPβ expression from day 2 and in FAB4 expression from
day 14 (P<0.05).
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Chondrocytic Marker expression
Sox9 expression was examined for validation of chondrocyte differentiation of MSC (L8,
P5) and a noticeable increase of 8 fold change was seen in its expression after 21 days
of culture (P<0.0001) (Figure 3-5).
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Figure 3-5; SOX9 expression in MSC1 (P5), assessed by qPCR. All the values were normalised
to the reference gene RPL (Ribosomal Protein L). MSCs were seeded in 4 replicates (n=4) and
being aggregated and cultured with chondrogenic media up to 21 days. Data were calculated,
using the ∆∆Ct method and expressed as fold change of relative expression based on MSC
control group day 0. Error bars indicate standard deviation.
Unpaired T-test showed significant rise, 21 days after aggregation (*) (P<0.0001), which is
indicated at chart title.
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3.4.2. Staining and Imaging
Again, to validate differentiation, cells were stained by specific dyes for osteoblasts and
adipocytes. However, chondrogenic differentiation was investigated by SOX9 expression
analysis only. Osteoblast mineralized matrix was stained by Alizarin red and lipid droplet
staining by Oil red O showed differentiation of MSCs into these lineages (Figure 3-6). In
addition, cells were photographed at different time points during culture and
differentiation, (Figure 3-7).
A: Alizarin red

B: Oil red oil

Figure 3-6; Staining images
A: Alizarin red staining of MSCs following 21 days of osteogenic induction showed mineralised
matrix of bone formation. B: Oil red oil staining of MSCs after 21 days of adipogenic induction
showed fat accumulation formation
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Figure 3-7; Serial images of differentiation of MSCs; effects of growth, osteogenic and
adipogenic media on morphology of cells during 21 days of human MSC culture. Cells seeded in
12 well plates were treated by appropriate media.
A: Growth medium, shows spindle-shape morphology (magnification: 20) B, C: Osteogenic
induction, day 2 and 7 respectively, while cells are growing (magnification: 10) D: Osteogenic
induction, day 14 when cells have formed nodular aggregates and begun to mineralize their matrix
(magnification: 20) E: Osteogenic treatment, day 21 when the mineralized nodules have clearly
deposited. (magnification: 20) F, G, H, I: Adipogenic induction, day 2 (magnification: 10), 7
(magnification: 20), 14 (magnification: 40), 21 (magnification: 40) respectively, fat accumulation
is increasing gradually by size and numbers. J: aggregated cells treated by normal medium for 7
days K: aggregated cells treated by chondrogenic medium for day 7
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3.5. Discussion
The MSC lines used in this study had been previously characterised in our laboratory in
a previous publication (Gharibi and Hughes 2012). In that earlier study it was show that
these cells expressed the MSC cell surface markers CD146, CD105, CD44, CD90, and
CD71 and did not express CD34 and CD45. This data is in agreement with the other
studies (Dominici, Le Blanc et al. 2006, Calloni, Cordero et al. 2013). Also, these cells
were positive for Nanog, Oct-4, and Klf2 which have been considered as “stemness”
markers.
A major characteristic of MSCs is that of self-renewal, which is the production of daughter
cells that maintain their undifferentiated state (Shenghui, Nakada et al. 2009). However,
MSCs lose their potential of proliferation and differentiation gradually during aging.
Senescence is a condition related to decrease in telomerase activity in stem cells
(Simonsen, Rosada et al. 2002) and in the previous study it was shown that these MSCs
can undergo between10 and 25 cell doublings according to the growth medium used to
sustain them before reaching senescence. This equated to around 10 passages in
culture (Gharibi and Hughes 2012). To avoid any side effects from MSCs aging, all the
experiments here were carried out using cells of passage 5 or 6 under appropriate culture
conditions. Nevertheless, it was considered important to test the actual cells to be used
for further experiments, and which also served as a useful introduction to the
experiments in gene expression and differentiation in future studies.
For our preliminary studies, we examined three commercially produced MSC lines, which
were derived from different donors. In this part of study, RUNX2 and ALP increased in
all three groups, whilst OSC rose only in MSC1 and SPP1 showed no changes.
However, PPARƔ, CEBPβ and FAB4 were tested as adipocytic markers up to 21 days
and expression of all three of them increased in at least two MSC lines.
Although the osteo/adipocytic genes expression rose in all three cell lines, there were
different expression patterns for each individual line which can be related to
heterogeneity of MSCs. The heterogeneity is defined as varied cellular morphology and
marker expression, as well as fluctuating differentiation potential which has been
observed within the MSC population (reviewed by (Pevsner-Fischer, Levin et al. 2011).
Heterogeneity of MSCs can be associated with the origin which cells are obtained from,
(da Silva Meirelles, Fontes et al. 2009) preparation and isolation of cells (DiGirolamo,
Stokes et al. 1999), culture passages and aging (Gharibi and Hughes 2012), culture

74

condition such as seeding densities and facing culture environmental toxins (DiGirolamo,
Stokes et al. 1999, Chen, Wong et al. 2012). Also, it has been suggested that the
removal of MSCs from their in vivo niche and settlement in the new environment may
cause changes in the clones (reviewed by (Pevsner-Fischer, Levin et al. 2011). Apart
from these intra-clonal sources, that have been described above, there is inter-clonal
variation which should be considered as an important origin for MSCs heterogeneity. It
has been shown that even single-cell derived colonies are variable within the same
colony (Zhang, Hamidouche et al. 2014).
As our MSCs were isolated from different donors, the likelihood of being varied in their
potential was high. Considering these variations, we finally decided to use MSC1 for the
entire project.
Therefore, the differentiation experiment repeated for MSC1 by measuring lineage
specific gene expression in parallel with staining assay and observation of cell
morphology. The expression of RUNX2 and ALP (osteoblastic markers), PPARƔ, CEBPβ
and FAB4 (adipocytic markers) and SOX9 (chondrocytic marker) were measured by
qRT-PCR using 4 replicates during 21 days of culture. Since we were unable to detect
any up/down regulation in the expression of SPP1, we omitted it from this study. The
significant rise detected in RUNX2 and ALP expression was in agreement with the
previous studies in terms of time and the pattern of expression (Mizuno and Kuboki 2001,
Robey 2003) was supported by Alizarin red staining and the serial photography that
clearly showed mineralised matrix formation during osteogenesis.

The absence of

significant effects on OSC expression is likely to be the result of the fact that OSC
induction is a very late stage phenomenon in osteoblast differentiation.
For adipocytic gene expression, PPARƔ, CEBPβ and FAB4 showed significant upregulation which was in line with previous reports (Dreyer, Krey et al. 1992, Hertzel and
Bernlohr 2000, Linhart, Ishimura-Oka et al. 2001) and these finding followed by Oil red
O staining which showed accumulation of fatty acids and serial images of their formation
during culture.
The increase in SOX9 expression also, followed the results from other researches that
reported its crucial involvement and rise during Chondrogenesis (Bi, Deng et al. 1999).
Taken together, the results demonstrate that the MSC1 line responded well to osteogenic
or adipogenic induction and therefore suitable for use in our planned future experiments
that are describe in Chapters 4 and 5.
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4. Identification of Target miRNA
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4.1. Introduction
As discussed in chapter 1, miRNAs appear to play significant roles in the regulation of
proliferation and differentiation of MSCs (Laine, Hentunen et al. 2012). However, their
various functions and roles are still not well understood. Previous studies have
demonstrated the involvement of a number of miRNAs in the regulation of different stem
cells. For example, in 2010 Tarantino and colleagues demonstrated a role for miRNA100 in differentiation of mouse ESCs and 2 years later, Zeng reported that miRNA-100
could be an osteogenic inhibitor of human adipose-derived mesenchymal stem cells
(hASCs) (Tarantino, Paolella et al. 2010, Zeng, Qu et al. 2012). Also, miRNA-21 has
been shown to inhibit proliferation of hADSCs and promote adipogenesis and
osteogenesis in hBMSCs (Kim, Hwang et al. 2012, Mei, Bian et al. 2013). Therefore,
investigation of any role for those miRNAs which their function in other cells has been
reported before, can be a first step for us to gain insight about miRNAs role in hBMSCs
fate decisions. A list of 9 potential candidate miRNAs that we tested is shown in Table
4-1.
Another approach to identify target miRNA is by using a miRNA array. Microarraybased miRNA profiling assay is a method that screens the expression of a large
number of miRNAs simultaneously. We used a PCR array to identify miRNAs that are
up or downregulated during osteogenic or adipogenic differentiation separately. To
decrease heterogeneity of MSCs, in these experiments we used clonally derived MSCs
previously isolated and characterised by Dr B Gharibi. When MSCs form a clone from a
single mother cell in low-density culture we call them single-cell derived clone or
clonally derived MSCs. Cells belonging to a clone share the same features as their
ancestor cell. As mentioned before these clones might vary in differentiation potentials.
Some of them are less multipotent and tend to differentiate into one particular lineage
like osteogenic, adipogenic or chondrogenic lineage, however some clones still remain
multi/bipotent (Ylöstalo, Bazhanov et al. 2008). It can be defined by the fact that low
plating densities result in genesis of three distinct populations; small spindle-shape
cells, flat large cells and rapidly self-renewing small round cells that show variation in
proliferation and multilineage potential (Mets and Verdonk 1981, Colter, Sekiya et al.
2001)
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4.2. Aim of the study
The aims of the studies described in this chapter were firstly, to investigate the possible
role of miRNAs that have previously been reported to be involved in the regulation of
other stem cells on MSC differentiation. Secondly, we aimed to identify new miRNAs
which are potentially involved in MSC differentiation using a miRNA array.

4.3. Materials and Methods
The detailed methods for these experiments are described in Chapter 2. This part of
experiment carried out with two different approaches. First previously reported miRNAs
were investigated for involvement in MSCs osteogenesis and adipogenesis and then
PCR array was performed to identify novel miRNAs.

4.3.1. Previously identified miRNAs expression
In order to test the possible involvement of 9 candidate miRNAs for their involvement in
MSC differentiation, MSCs lines were stimulated with osteogenic and adipogenic
medium and expression patterns of miRNAs assess by qRT-PCR. For osteogenic
induction we tested expression in four MSC groups, namely MSC1: Lonza8, Passage5,
MSC2: Lonza8, Passage3, MSC3: Lonza7, Passage5 and MSC4: Lonza1, Passage3.
For cells treated with adipogenic media miRNAs were examined in three of groups,
namely MSC1, MSC3 and MSC4.

4.3.2. Identification of novel miRNAs
miRNA arrays were carried out twice, using miScript miRNA PCR Array kit with RNA
from four different MSC single clones which were selected on the basis that they
exhibited mono-potency (osteo/adipogenic clone),

bi-potency (osteogenic and

adipogenic clone) and non-differentiated clones were examined for expression of 86
different miRNAs, normalising to 6 different house-keeping small RNAs namely
SNORD61, SNORD68, SNORD72, SNORD95, SNORD96A and RNU-6.
Frozen RNAs of clonally derived MSCs from a previous study in our lab by Dr. Borzo
Gharibi, were used to obtain cDNA for this study. In those earlier experiments by Dr
Gharibi, MSC clones were established by limiting dilution from primary MSC cultures,
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and differentiation potentials of the different clones determined by testing in osteogenic
and adipogenic media.
20 miRNAs that had the highest level of change of expression (upregulation or
downregulation), were chosen from the results of the arrays (Table 4-2). Then compared
with findings from previous studies, the effect of these selected miRNAs on any stem
and progenitor cells was reviewed in the literature (Table 4-3). As the aim of study was
the identification of novel miRNAs in the field of MSCs, based on cells of origin and the
effect of miRNAs, 7 miRNAs were selected for further study. These miRNAs have been
reported to be expressed in cells other than MSCs and regulate differentiation or
proliferation of them.
qRT-PCR were carried out to validate the array results with the same cDNAs from single
clones derived MSCs. Among these 7 miRNAs, 5 miRNAs which showed the greatest
consistency with the array results were selected and we examined their expression
during osteo/adipogenic induction of MSC primary cultures (MSC1).

4.4. Results
4.4.1. Expression of candidate miRNAs
In this study we first focused on miR-26a and miR-206 for association with osteogenesis,
miR-143 and miR-204 for association with adipogenesis and miR-7, miR-21, miR-424,
miR-218 and miR-99a for bipotent adipo/osteogenic differentiation. For this purpose, we
first set up a standard curve experiment for reference miRNAs (N48, RNU6, miR-191,
miR-103 and miR-10) and based on their efficiency RNU6 was chosen as our
housekeeping miRNA (Figure 4-1). Moreover, RNU6 was in common with the controls in
our array. However, in one experiment we used both miR-103 and RNU6.
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miRNA
miR-424

Cell Source

Regulation

Target

PDGFRa+ cells

nd

miR-7

PDGFRa+ cells

Promotes
osteogenesis
Might
osteogenesis

miR-21

hADSCs

miR-143

Rat ADSC

miR-204

inhibit

nd

Promotes
adipogenesis
Regulates
adipogenesis

TGF-β
signalling
MAP2K5–
ERK5

ST2 and C2C12
MSC

inhibits osteogenesis
and
promotes
adipogenesis

RUNX2

miR-26a

hADSC

Inhibits osteogenesis

SMAD1

miR-218

MC3T3-E1

Promote osteogenesis

miR-99a

mESC

Might promote
adipogenesis

Wnt
signalling
nd

miR-206

Primary osteoblast
and C2C12 cells

Inhibits osteogenic

connexin 43

Note
Down regulation
during
osteogenesis

Transient
role,
inhibits
adipogenesis at
early stage and
promotes
terminal
differentiation
stage

Reference
(Oishi, Uezumi
et al. 2013)
(Oishi, Uezumi
et al. 2013)
(Kim, Hwang et
al. 2009)
(Chen, Hou et al.
2014)

(Huang, Zhao et
al. 2010)
Late
differentiation
regulator

Up
regulation
during
adipogenesis

(Luzi, Marini et
al. 2008)
(Hassan, Maeda
et al. 2012)
(Knelangen, van
der Hoek et al.
2011)
(Inose, Ochi et
al. 2009)

Table 4-1; Summary of previously known miRNAs function, which are involved in regulation of
stem cell fate.
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Figure 4-1; RNU6 standard curve; Relevant qRT-PCR was performed in duplicate to set up
standard curve, using 4 serials dilutions. Eff=106.2%, RSq=0.985

miRNAs involved in osteogenic induction of MSCs
The graphs below show the mean expression of candidate miRNAs during osteogenic
induction of four groups of MSCs (Figure 4-2). Day 0, 2, 7, and 14 repeated in all four
cell lines, day 21 repeated in MSC2, MSC3 and MSC4, whilst day 1 was tested only
during induction of MSC4. Inconsistent results showed no significant findings in the
expression of tested miRNAs. Although there is a general decrease in the expression of
all of them apart from miR-26a, as the pattern of each miRNA expression followed
upward and downward trends, we were unable to confirm the data suggested from
previous studies. No consistent changes were detected with one way ANOVA and
Bonferroni’s post-test in all 7 miRNAs.
The original data for each MSC lines separately, are shown in Appendix (Appendix 1)
and from there different trends for each miRNA in four groups of MSCs can be detected.
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Figure 4-2; miRNAs expression during osteogenic induction of MSCs. Cells seeded in duplicate
(n=2) and experiment repeated four times for four different MSC lines (MSC1, MSC2, MSC3,
MSC4) for indicated time points (day 0, 2, 7, 14, 21 and day 1 for MSC4 only). All the values were
normalised to miRNA-103 and RNU6. Data were calculated, using the ∆∆Ct method and
expressed as fold change of relative expression based on day 0 of each MSC groups and showed
as mean of four MSC experiments for each time point. Error bars indicate Standard Deviation.
A: miR-26a expression, B: miR-206 expression, C: miR-7 expression, D: miR-21 expression, E:
miR-424 expression, F: miR-218 expression, G: miR-99a expression.
One way ANOVA and Bonferroni’s post-test showed no significant changes in expression of all
miRNAs.
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miRNAs involved in adipogenic induction of MSCs
Results from the effect of adipogenic induction on the candidate miRNAs expression, are
shown as mean of fold changes of each miRNA in three groups of MSCs. miRNA
expression was tested on day 0, 2, 7, 14 and 21 for all three MSCs groups with the
additional time point of day 1 for MSC4 (Figure 4-3). However, there is an overall rise in
the expression of miR-21 and miR-204 (Figure 4-3, A and D) which looks time
dependent, standard deviations indicate huge difference in their expression among
different cell lines. There were no consistent findings of the upward and downward trends
in the expression of other miRNAs. One way ANOVA and Bonferroni’s post-test
demonstrated no significant changes in all 7 miRNAs tested here.
The expression of miRNAs in each MSCs group are shown in the graphs in Appendix
(Appendix 2).
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Figure 4-3; miRNAs expression during adipogenic induction of MSCs. Cells seeded in duplicate
(n=2) and experiment repeated three times for three different MSC lines (MSC1, MSC3, MSC4)
for indicated time points (day 0, 2, 7, 14, 21 and day 1 for MSC4 only). All the values were
normalised to miRNA-103 and RNU6. Data were calculated, using the ∆∆Ct method and
expressed as fold change of relative expression based on day 0 of each MSC groups and showed
as mean of three MSC experiments for each time point. Error bars indicate Standard Deviation.
A: miR-204 expression, B: miR-143 expression, C: miR-7 expression, D: miR-21 expression, E:
miR-424 expression, F: miR-218 expression, G: miR-99a expression.
One way ANOVA and Bonferroni’s post-test showed no significant changes in expression of all
miRNAs.
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4.4.2. PCR Array
We used a PCR array to identify miRNAs that are up or down-regulated during
osteo/adipogenic differentiation separately for each single clonally derived MSC line and
repeated the assay in order to validate the findings. Fold changes were calculated for
the first array and second array separately using 6 different controls and their averages
(Appendix 3).

Twenty miRNAs were chosen from the array results because they

consistently showed greatest changes in their expression compare to other miRNAs
tested in both arrays (Table 4-2). Then, their possible functions in the regulation of
differentiation of stem cells was investigated from the published literature. (Table 4-3)
This table includes miR-92a, miR-378a, miR-146b, miR-15a, which were up-regulated in
osteogenic clonally derived MSCs only and miR-15b, miR-155, that showed an increase
in osteogenic and osteo/adipogenic clonally derived MSCs, miR-let-7i, miR-let-7b, which
increased in adipogenic and osteo/adipogenic clonally derived MSCs, miR-10a, miR26a, that showed an increase in osteo/adipogenic clonally derived MSCs only, miR-214,
miR-210, miR-195, which rose in osteogenic, adipogenic and osteo/adipogenic single
clonally derived MSCs. miR-488 was the only one that was up-regulated in osteogenic
and down-regulated in adipogenic clonally derived MSCs. Expression of miR-302a, miR302c, miR-215, miR-206 decreased in three clones, miR-520g showed down-regulation
in osteogenic clonally derived MSCs and miR-146a. From these results, seven miRNAs,
miRNA-let7b, miR-195, miR-215, miR-302a, miR-302c, miR-488 and miR-520 were
identified as miRNAs that might be involved in osteogenic or/and adipogenic
differentiation of hBMSC. These 7 miRNAs were selected because they had not been
previously reported as miRNAs that were involved in human bone marrow MSC fate
decisions.
Therefore, the next stage was to validate PCR array data by qRT-PCR, first by using the
same clonally derived MSCs as used for the arrays and then to test their expression
during differentiation of (non-clonally derived) MSCs.
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miRNA
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2.334 0.4366 0.058 0.285 0.009 0.043
0.369
0.223 0.319 0.107 0.153
0.282 0.2701 0.157 0.17 0.156 0.17
2.712 3.052
3.709
0.161 0.344 0.048 0.103
3.73 15.617 0.445 0.304 0.068 0.046
2.1277
0.434 0.477
0.168 0.2987

Second

Osteo/Adipogenic Single Clonal MSC
Average control First control

Second First Second First

Second control

6.06
2.552
2.62
4.45
4.03
4.75
2
0.384
0.06
0.464
0.32
0.157 0.171 0.35
2.23
0.06
2.92
0.29
0.384 0.422

Second

Second control
First

2.024 5.4058 4.1691
2.117 9.0569 4.3088 2.186
3.074 15.3593 11.7199
4.736 5.1605
5.15 4.364 4.355
2.009 2.6814 2.6915
0.082 0.0091 0.0124 0.3982
0.271 0.1526 0.1302
0.464 0.3507 0.4626 0.3527 0.4653
4.3111 3.3508
0.082 0.0091 0.0124 0.3982
0.308 0.0444 0.0469
2.0236

3.699 14.0112 8.5473 2.6247

2.306 2.663 4.36 4.396 3.7156 3.7481 5.1115 5.1563

Second First

9.894 4.145
15.95 3.708

Second First

Average control First control

Second First

Second control

Second First

0.05 0.01
0.09 0.203
0.28 0.269
3.53 5.774
0.33 0.058
0.09 0.362
2.406
0.21 0.371

2.734 2.284 5.564 4.648
4.165 4.143 15.88 15.79

6.49 3.016 8.929 4.149 2.271
4.67 5.265
2.1388
8.778 7.7334
4.501 2.202 3.3985
2.444 2.154
13.7
2.5664 4.282
6.77
6.38
5.084

Second First

Average control First control
First

7.61
2.97
2.68
2.53
2.56
3.14
4.62
2.9

0.35 0.066
0.18 0.423
0.28 0.269
2.986
0.192
2.379
2.27 3.013
0.19 0.333

Table 4-2; Comparison of 20 miRNAs selected from array and their expression from 2 arrays and
calculated based on 3 different controls, in osteogenic clonally derived MSCs (yellow cells),
adipogenic clonally derived MSCs (green cells) and osteo/adipogenic clonally derived MSCs
(orange cells). Numbers written in red show up-regulation and those written in blue show downregulation of miRNA expression.
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miRNA

Cell
Source

Regulation

Target

MiR-let7

3T3-L1

MiR-10a

hMSC

HMGA
2
KLF4

MiR-15a

MSC

Inhibits
terminal
adipogenesis
Promote osteogenesis
and adipogenesis
Promote osteogenesis

MiR-15b

hBMSC

Promote osteogenesis

Smurf
1

Mir-26a

hADSC

Promote osteogenesis

SMAD
1

miR17∼92
MiR-92a

MC3T3-E1

Inhibits osteogenesis

Fish Embryo
cells

MiR-146a

hADSC

MiR-146b

MiR-155

Reference

Array
results

(Sun, Fu et al.
2009)
(Li, Dong et al.
2013)
(Mishima, Zhang
et al. 2013)

↑ADIPO
↑BOTH
↑BOTH

(Vimalraj,
Partridge et al.
2014)
(Luzi, Marini et al.
2008)

↑OSTEO
↑BOTH

nd

(Zhou, Ma et al.
2014)

↑↑OSTEO

Increase
Proliferation
and differentiation of
chondrogenic
progenitors
Inhibits
osteogenesis

Noggi
n3

(Ning, Liu et al.
2013)

↑↑OSTEO

NF-kB

(Cho, Shin et al.
2010)

3T3-L1

Promote adipogenesis

(Ahn, Lee et al.
2013)

hMSCTert20

Inhibits adipogenesis

SIRT1
‐
FOXO
1
casca
de
CEBP
α

↑↓OSTEO
↓ADIPO
↓BOTH
↑↑OSTEO

MC3T3-E1

Inhibits osteogenesis

nd

Note

Regulation
of
osteogene
-sis
in
multiple
myeloma

↑ADIPO
↑BOTH

(Wu, Xie et al.
2012)

↑↑OSTEO

(Yang, Jeong et al.
2014)

↑OSTEO
↑ADIPO
↑BOTH

(Inose, Ochi et al.
2009)

↓OSTEO
↓ADIPO
↓BOTH
↑ADIPO

MiR-195

HepG2 cells

Lipotoxicity

MiR-206

C2C12

Inhibits osteogenesis

MiR-210

3T3-L1

Promote adipogenesis

Tcf7l2

(Qin, Chen et al.
2010)

BMSC- ST2

Promote
osteogenesis

AcvR1
b

MiR-214

MC3T3-E1

Inhibits osteogenesis

ATF4

(Mizuno,
Tokuzawa et al.
2009)
(Wang, Guo et al.
2013)

MiR-215

U2OS,
SJSA, HT29,
and A549
hESCs

Cell cycle arrest

CDKN
1A/p2
1
TGFβ

miR302∼367
MiR-302a

3T3-L1
adipocytes
MC3T3-E1

Regulate
self-renewal
and differentiation
Promote BMP signalling
Inhibits adipogenesis

TOB2
PPAR
Ɣ

Promote osteogenesis
COUP
-TFII

↑BOTH

(Skårn, Namløs et
al. 2011)

SAPK/
JNK
pathw
ay
insulin
recept
or
(INSR)
Cx43

Induced by
saturated
fatty acid
(SFA)

↑↑OSTEO

(Braun, Zhang et
al. 2008)
(Lipchina, Elkabetz
et al. 2011)

(Jeong, Kang et al.
2014)

↑OSTEO
↑↑OSTEO
↑ADIPO
↑↑BOTH
↓OSTEO
↓ADIPO
↓BOTH
↓OSTEO
↓ADIPO
↓BOTH
↓OSTEO
↓ADIPO
↓BOTH

(Kang, Jeong et al.
2015)
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MiR-378
miR378/378*

MC3T3-E1

Promote osteogenesis

ST2
mesenchym
al precursor
cells

Promote adipogenesis

MiR-488

MC3T3-E1

Inhibits osteogenesis

GalNT
-7
C/EBP
α and
C/EBP
β
MMP2

Promote osteogenesis

MiR-520
cluster

hESC

Controlling cell growth,
metabolic process and
transcription

nd

When
cultures on
Titanium
oxide
nanotube
similar
function
with miR302 cluster

(Kahai, Lee et al.
2009)
(Gerin, Bommer et
al. 2010)

↑OSTEO

(Kang, Choi et al.
2014)

↑OSTEO
↓ADIPO

(Kang, Choi et al.
2014)

(Ren, Jin et al.
2009)

↓OSTEO

Table 4-3; Summary of selected 20 miRNAs from array and the roles they play in stem cells fate
determination based on previous studies
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Validation of PCR Array
In this experiment, the expression of the seven miRNAs identified from the PCR array
was tested twice by qRT-PCR with the same clonally derived samples as used in the two
arrays. The fact that miR-302 is a family consisting of several members, encouraged us
to add another member, miR-302b, to this collection to be tested for any changes of
expression in clonally derived MSCs or during differentiation of MSCs along with two
other members of the family. miR-302d was not tested, because there was no convincing
evidence to show that miR-302d functions solely to regulate a process. In osteogenic
clonally derived MSCs miRNA expression patterns were the same as arrays, apart from
miR-488 which was undetectable in qRT-PCR validation (Table 4-4, A). MiRNA
expression for adipogenic clonally derived MSCs followed similar trends as in the arrays,
apart from miR-195 which was down-regulated and miR-488 that again was undetectable
(Table 4-4, B). Although miR-195 expression for osteo/adipogenic clonally derived MSCs
decreased, the other miRNAs followed the same trend as arrays (Table 4-4, C). Our data
showed that four miRNAs, namely miR-215, miR-520, miR302a and miR-302c,
displayed the same trend as the array. Although there was no reference from the array
data for miR-302b to be compared with, it followed the same expression pattern as miR302a and miR-302c in both adipogenic and osteogenic experiments. Therefore, we
decided to continue our investigation with these five miRNAs.
Next, to examine if the expression of these 5 selected miRNAs is the same in an MSC
line (MSC1) as with the clonally derived MSCs, we carried out MSC differentiation and
validated their expression during osteogenic and adipogenic differentiation by qRT-PCR.
Since, from now on we only use MSC1 in our experiments, we refer it as MSCs in the
rest of study. Our findings showed significant decrease (p <0.0001) in the expression of
all 5 miRNAs tested here, when MSCs were induced by osteogenic medium. Also,
adipogenic induction resulted in notable down regulation of miR-302a (p <0.005) and
miR-302b (p < 0.001). Bonferroni’s post-test demonstrated that miR-302a expression
significantly dropped from day 2 during osteogenesis (p < 0.001) and from day 5 during
adipogenesis (p < 0.005). Also, miR-302b decreased from day 2 significantly in
osteogenic induction (p <0.005) and at the same time in adipogenic induction (p < 0.001).
miR-302c, miR-215 and miR-520 reduction from day 2 was significant during osteogenic
induction only with the p value of (p < 0.001), (p < 0.01) and (p < 0.001) respectively.
(Figure 4-4, A and B) Therefore, miR-302a and miR-302b are two miRNAs which
decreased significantly in both osteogenic and adipogenic induction of MSCs.

93

A)

B)

C)
Table 4-4; Comparing expression of selected miRNAs from array and qRT-PCR Data generated
by qRT-PCR, using the same clonally derived MSC samples as arrays and was repeated with
two replicates (n=2). All the values were normalised to the reference genes, miRNA-103 and
RNU6. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on day 0.
A: miRNA expression of osteogenic clonally derived MSC, B: miRNA expression adipogenic
clonally derived MSC, C: miRNAs expression osteo/adipogenic (bipotential) clonally derived
MSCs.
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A)
Osteogenesis
1.6

miRNA Expression
(Fold Change)

1.4
1.2
1
0.8

*
*
*

DAY0

* * *

0.6

*

*

*

0.4

*

* *

*

*

*

DAY2

*

DAY5
*

*

0.2

*

DAY7
DAY14

0

miR-302a

miR-302b

miR-302c

miR-215

miR-520

B)
Adipogenesis
1.6

miRNA Expression
(Fold Change)

1.4
1.2
1
0.8

*
*
*

*
*

0.6

DAY0

*

DAY2

*

0.4

DAY5

0.2

DAY7
DAY14

0

miR-302a

miR-302b

miR-302c

miR-215

miR-520

Figure 4-4; Relative expression of candidate miRNAs during differentiation of MSCs (MSC1, L8,
P5) into osteoblast and adipocyte. Cells seeded in 5 replicates (n=5) and all the values were
normalised to the reference genes RNU6. Data were calculated, using the ∆∆Ct method and
expressed as fold change of relative expression based on day 0 for each miRNA. Error bars
indicate Standard Deviation.
A: Expression of miR-302a, miR-302b, miR-302c, miR-215, miR-520 during osteogenesis of
MSCs. One way ANOVA showed significant decrease in expression of all 5 miRNAs (p <0.0001).
Bonferroni’s post-test showed significant reduction in expression of miR-302a from day 2 (p <
0.001), miR-302b from day 2 (p <0.005), miR-302c from day 2 and apart from day 5 (p < 0.001),
miR-215 from day 2 (p < 0.01) and miR-520 from day 2 (p < 0.001).
B: Expression of miR-302a, miR-302b, miR-302c, miR-215, miR-520 during adipogenesis of
MSCs. One way ANOVA showed significant decrease in expression of miR-302a (p <0.005) and
miR-302b (p < 0.001). Bonferroni’s post-test showed significant reduction in expression of miR302a from day 5 (p < 0.01), miR-302b from day2 (p <0.0001)
(*) above error bars indicate the significant difference between each time point compare to day 0
for each individual miRNA.
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4.5. Discussion
Previous studies have shown different miRNAs are involved in MSC differentiation and
proliferation (Clark, Kalomoiris et al. 2014). A few of them are reportedly expressed
specifically in one type of stem cell, such as miR-195 which was described as a cardiac
specific miRNA (Van Rooij and Olson 2007), although its lipotoxicity function in HepG2
cells by targeting insulin receptor (INSR) was demonstrated subsequently (Yang, Jeong
et al. 2014). They might play different roles in different cells as for miR-155 that Inhibits
adipogenesis in hMSC-Tert20 (Skårn, Namløs et al. 2011) and on the other hand Inhibits
osteogenesis in MC3T3-E1 (Wu, Xie et al. 2012). These findings show that our
knowledge regarding miRNAs function is in progress and the lack of understanding about
every unique miRNA role can misguide future investigation.
In this chapter we used two different approaches in order to identify miRNAs which may
be involved in the regulation of fate determination of MSCs. Initially we tested candidate
miRNAs which had previously been reported to regulate any stem cell proliferation and
differentiation or were involved in osteogenic differentiation.

We identified 9 miRNAs

which were examined for any changes in expression in MSCs during osteogenic or
adipogenic induction. The results of these studies were highly variable between different
MSC lines for each miRNA, with little or no evidence of even similar trends in expression
patterns. Although the data generated by this approach was not consistent the
experiment gave us insight into heterogeneity of MSCs (Chen, Wong et al. 2012) .
Subsequently, candidate miRNAs were selected from the results of miRNA arrays,
combined with existing knowledge from the literature for each candidate miRNA. Among
84 miRNAs, 20 were either increased or decreased in three different clonally derived
MSCs used in the assay for both repeats. To validated results from the PCR arrays, we
performed qRT-PCR using same samples used in the array with 2 replicates. Although
the number of replicates was low, we repeated the experiment again and the results
were almost the same. After validation, 4 miRNAs were selected together with the
addition of miR-302b along with two other members of miRNA families in the candidate
list including miR-215, miR-520, miR302a, miR-302b, miR-302c. Moreover, to further
validate PCR array results qRT-PCR was repeated for 5 candidate miRNAs, this time
using MSCs at different time points of differentiation into adipocytes or osteoblasts.
According to previous research, miR-215 is an miRNA involved in induction of cell cycle
arrest and inhibition of carcinogenesis through regulators of p53 (Braun, Zhang et al.
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2008). However, another group reported that miR-215 acts as a tumourigenic miRNA
which modulates progression of gastric cancer via targeting RB1 (Deng, Huang et al.
2014). There was no evidence showing a role for miR-215 osteo/adipogenesis of stem
cells. Mir-520 cluster and miR-302 family are two hESC signature miRNAs which share
similar expression patterns, seed sequence and functions such as cell growth arrest,
regulation of metabolic process, transcription and signal transduction in the cell (Ren, Jin
et al. 2009). Also, a tumour suppression role in breast cancer through NF-KB and TGFβ signalling for miR-520/373 family, has been reported (Keklikoglou, Koerner et al. 2012).
However, no work was found to show miR-520 involvement in osteo/adipogenesis of
stem cells. Unlike miR-520, miR302 has been reported to participate in stimulation of
osteogenesis and inhibition of adipogenic differentiation of MC3T3-E1 and 3T3-L1 cells
respectively (Jeong, Kang et al. 2014, Kang, Jeong et al. 2015). Also, the miR-302 family
is well known as one of the specific miRNA that regulate reprogramming in different cells
(Kuo, Deng et al. 2012) as well as having a tumour suppressor role (Bourguignon, Wong
et al. 2012, Sun, Zhang et al. 2014)
The expression of miR-302a and miR-302c consistently reduced in three groups of
clonally derived MSCs in the array and their down regulation during induced
differentiation in MSCs is in agreement with the array results. MiR-215 expression in the
array decreased in three groups again and followed by decrease in PCR, when tested
during differentiation of MSCs. The expression of miR-520 reduced only in osteogenic
clonally derived MSCs, but its expression decreased during osteogenesis and
adipogenesis of MSCs by qRT-PCR. Mir-302b, which was added to the list as the other
family member of miR302, showed down-regulation in three groups of clonally derived
MSCs as well as during adipogenesis and osteogenesis of MSCs.
Taken together, the expression of these miRNA in arrays, the consistency of their
expression during MSC induction and what we knew so far about their function among
other stem cells, the data strongly suggests that miR-302 family and miR-215 might be
involved in induction of MSCs into osteoblasts and adipocytes. However, miR-520 is
more likely to interfere with osteogenesis rather than adipogenesis. Since, previous
studies have shown different functions for miR-302 family and the possible involvement
of three members of the family in differentiation, we planned to continue the project by
focusing on three members of miR-302 family and investigate their function in MSC fate
decisions. Table 4-5 shows miR-302 family function in different cells.
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miRNA

Cell Source

Regulation

Target

Note

Reference

miR302/367

hESC

Maintains pluripotency and
regulates differentiation

TOB2, DAZAP2,
SLAIN1

All
three
targets
are
BMP inhibitors

(Lipchina,
Elkabetz et al.
2011)

miR-302

hESC

transition
toward
mesendodermal lineage

Nodal activity

Involve
in
earliest
differentiation
stage

(Rosa,
Spagnoli et al.
2009)

miR-302

hESC

Balance
pluripotency
differentiation

OCT4 and NR2F2
(COUP-TFII)

(Rosa
and
Brivanlou
2011)

miR302/367

hESC

Inhibits apoptosis
Regulates self-renewal

↓BNIP3L/Nix
↑BCL-xL

(Zhang, Hong
et al. 2015)

mir-302

human hair
follicle cells

somatic
reprogramming

miR-302
cluster

partially
reprogramm
ed cells

fully reprogramming
iPSC state

miR-302a

colon cancer
cells

tumour suppressor in colon
cancer

Inhibits AKT

(Sun, Zhang et
al. 2014)

miR-302a

Prostate
Cancer cells

Suppresses Tumour Cell
Proliferation

Inhibits AKT

(Zhang, Bao et
al. 2015)

miR-302367

human nonmitotic
differentiate
d
glioblastoma
cells
mice early
embryo cells

Inhibits proliferation

Regulation of betacatenin/DOCK4/mi
R-302 circuitry

(Debruyne,
Turchi et al.
2018)

suppresses
neural
progenitor proliferation and
precocious differentiation

Fgf15

miR-302d

hADSCs

Promotes proliferation and
Cell survival

CDKN1A
CCL5

miR-302a

3T3-L1

Inhibits
differentiation

PPARƔ

miR-302a-d

between
and

cell

of

adipocyte

AOF2
AOF1,
MECP1-p66 and
MECP2

mir-302
expression
beyond
1.3fold of the
concentration
hESC

(Lin, Chang et
al. 2010)

Inhibits NANOG

miR-302
cluster without
miR-367

(Lee, Prasain
et al. 2013)

Required for
timing
of
neural
differentiation,
neural
tube
closure,
and embryonic
viability
and

(Parchem,
Moore et al.
2015)

(Kim, Shin et
al. 2014)

(Jeong, Kang
et al. 2014)
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miR-302a

MC3T3-E1

promotes
differentiation

MiR-302b

Lung Cancer
Cell

MiR-302b

human
embryonal
carcinoma
cells
Osteosarco
ma
cells

MiR302b

osteoblast

COUP-TFII

(Kang, Jeong
et al. 2015)

Inhibits proliferation
And migration

Inhibits TGFβRII

(Li, Yu et al.
2016)

maintains “stemness”

Cyclin D2

(Lee, Kim et al.
2008)

Inhibits proliferation
And promote cell apoptosis

Akt/pAkt,
Bim

Bcl-2,

(Zhang, Hu et
al. 2013)

Table 4-5; miR-302 family functions and targets in different cell sources.

99

5. The role of miRNA-302 Family in MSC Fate
Decisions

100

5.1. Introduction
In the previous chapter, we focused on target miRNA identification. Data obtained from
miRNA arrays, previous studies and qRT-PCR validation, led us to select miRNA-302
for further study. Three members of this family namely miR-302a, miR-302b and miR302c showed down regulation during osteogenic and/or adipogenic stimulation of MSCs,
suggesting they may play a role in MSC differentiation. Specifically, their down regulation
during differentiation suggests that they may act to maintain stemness in MSCs and
inhibit differentiation.
miR302/376 is a cluster originated from an intragenic cluster located in the gene Larelated protein 7 (LARP7) and consists of eight members namely miR-302a-3p/5p, miR302b-3p/5p, miR-302c-3p/5p, miR-302d and miR-367. These members share high
sequence homology with differences in only 3 hexanucleotides. miR-367 is slightly
different in the seed sequence from miR-302 members, however mRNAs targeted by
both of them are very much in common. It has been shown that ESC-associated
transcription factors, including Nanog, Oct3/4, Sox2, and Rex1 can be potential
promotors of cluster. Although the cluster was first identified as human embryonic stem
cells (hESCs) specific miRNA which is engaged in maintenance of pluripotency of stem
cells and cancer formation, its role is expanding in regulation of stem cell proliferation
and differentiation (Barroso-delJesus, Romero-López et al. 2008, Berardi, Pues et al.
2012, Gao, Zhu et al. 2015).
Previous studies have shown that the miR-302 family may regulate aspects of cell fate
decisions and differentiation in both embryonic stem cells and induced pluripotent stem
cells which may also be consistent with them having a role in MSC regulation (these
studies are discussed further in Chapter 6). Therefore, the aim of the studies in this
chapter is to investigate the hypothesis that the miR-302 family is involved in the
regulation of MSCs fate decisions. In order to do this a series of loss of function and
gain of function experiments were carried out.

5.2. Aim of the study
In the previous chapter we reached the conclusion that miR-302 family can be a potential
target which regulate MSC differentiation. Therefore, the aim of the experiments
described in this chapter was to investigate whether the miR-302 family plays an actual
role in MSC differentiation into osteoblast and adipocyte lineages.
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5.3. Materials and Methods
In order to knockdown miR-302, we used a miR-302 family inhibitor and to overexpress
miR-302, we used miR-302aand miR-302b mimics transfected into MSCs, as described
in Chapter 2. Over 14 days in culture, osteoblastic gene expression for osteogenic
induced and normal media treated cells and adipocytic gene expression for adipogenic
induced cells were measured by using qRT-PCR at day 0, 1, 2, 4, 7 and 14 (Chapter 2).

5.4. Results
Firstly, the efficiency of transfection of two different methods, namely lipofection and
electroporation, were compared for introducing the miRNA-302 family inhibitor to MSCs
(L8-Passage5). Cells were seeded, transfected and treated by normal medium for 24
hours and then miR-302a, b and c expression were measured by qRT-PCR. The results
showed a significant decrease in miR-302a (p<0.05) and miR-302b (p<0.0001) in
Lipofection. Also, in Electroporation miR-302a and miR-302b expression declined and
miR-302c expression rose significantly (p<0.05) (Figure 5-1). As both transfection
methods appeared to have similar effects on miR-302a and miR-302b expression and
miR-302c expression was not decreased for all subsequent experiments, the lipofection
method was used.
Following this initial testing, the results of the inhibitor using lipofection were confirmed
over 24 hours and a time course of miRNA expression following transfection with the
inhibitor was carried out for miR-302a on days 1, 7 and 14 after transfection.
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Lipofection

miRNA Expression
(Fold Change)

1.6
1.4
1.2
1
0.8

*

0.6
0.4

Control

*

0.2

KD

0
miR-302a

A)

miR-302b

miR-302c

Electroporation
mikRNA Expression
(Fold Changr)

1.8

*

1.6
1.4
1.2
1
0.8
0.6

*

*

0.4
Control

0.2

KD

0

B)

miR-302a

miR-302b

miR-302c

Figure 5-1; Comparison of two methods of transfection of MSCs with miRNA inhibitor.
Control = Negative Control and KD = miR-302 family Knock-Down. miRNA-302a, b and c
expression after miRNA-302 family knock-down in MSCs. All the values were normalised to the
reference gene RNU6. Data were generated using 3 replicates of MSCs (L8, P5) and calculated
using the ∆∆Ct method and expressed as fold change of relative expression based on negative
control for each miRNA.
A: Lipofection B: Electroporation.
Unpaired T-test showed significant decrease in miR-302a (p<0.05) and miR-302b (p<0.0001) in
lipofection. In electroporation expression of miR-302a and miR-302b decreased and miR302c
increased significantly (p<0.05). (*) above error bars indicate the significant difference between
negative control and knock down cells in each group.
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5.4.1. Loss of function assay
Transfection of the miR-302 inhibitor by lipofection for 24h confirmed the preliminary
results (Figure 5-1) of marked knock down of miR-302a and miR-302b, but no effect on
miR-302c (Figure 5-2).
The results of the time course experiment showed striking down regulation of miR-302a
on day 0 and day 7 (P<0.01). However, at day 14 the expression of miR-302a on day
14 was still more than 2 times lower than control, the difference was not statistically
significant (Figure 5-3).

miRNA Expression
(Fold Change)

miR-302 family knock-down
2.5
2
1.5
1
0.5

*

Control

*

miR-302KD

0

miR-302a

miR-302b

miR-302c

Figure 5-2; Effect of miR-302 family knock-down on expression of each member of family in
MSCs after 24 hours culture with normal media. Control = Negative Control and miR-302KD =
miR-302 family Knock-Down. Cells were seeded in triplicate (n=3). All the values were normalised
to RNU6. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control. Error bars indicate Standard Deviation. Unpaired two tailed
t-tests show significant decrease in miR-302a and miR-302b expression (P<0.0005), whilst
miRNA-302c expression did not change. (*) above error bars indicate the significant difference
between negative control and knock down cells in each group.
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mIRNA Expression
(Fold Change)

miR-302a expression after KD
6
5
4
3
2

Control

1

*

*

miR-302KD

0
0

7

14

Day

Figure 5-3; Effect of time on expression of miR-302a after miR-302 family knock-down in MSCs
(P5) culture in growth media for 24 hours (day 0), 7 and 10 days. Control = Negative Control,
miR-302KD = miR-302 family Knock-Down. Cells were seeded in four replicates (n=4). All the
values were normalised to RNU6. Data were calculated, using the ∆∆Ct method and expressed
as fold change of relative expression based on negative control. Error bars indicate Standard
Deviation. Un paired two tails t-test shows significant down regulation of miR-302a on day 0 and
day7 (P<0.01). (*) above error bars indicate the significant difference between negative control
and knock down cells for each time point.
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Osteoblastic gene expression after knock-down
To assess if miR-302 family plays any roles in MSC differentiation into osteoblast and/or
adipocyte lineages, miR-302 family knock-down was carried out in osteogenic,
adipogenic and normal media treatment for up to 14 days. This experiment was repeated
three times for osteogenic induction, twice for adipogenic induction and once for normal
medium treatment. Osteoblastic gene expression was checked in osteogenic and normal
media treatment (Figure 5-4, 5-5, 5-6, 5-7) and adipocytic genes in adipogenic medium
treatment (Figure 5-8, 5-9, 5-10).
In cells treated with osteogenic medium, RUNX2 expression increased significantly
during culture. Most strikingly, miR-302 inhibition resulted in markedly increased RUNX2
expression in all these experiments. Although the magnitude of change in expression
and time course differed to some extent in the 3 separate experiments, the results
consistently showed marked differences between negative control and knock-down cells
and effect of time on gene expression (P<0.0001) (Figure 5-4).
Similarly, ALP expression rose significantly during culture in controls. Inhibition of miR302 in test groups showed marked increase in expression compared to controls. The
changes were consistently significant (P<0.005) in all 3 experiments in terms of
difference of gene expression between negative control and knock-down cells as well as
between different time points (Figure 5-5).
There were no significant changes detected in OSC expression in these experiments
with the exception of downregulation in KD2 in both control and treated cells (Figure 56).
These findings mean that RUNX2 and ALP expression were affected by osteogenic
treatment in both control and knockdown groups, although their expression in the latter
group was significantly higher.
When cells were cultured in normal growth medium rather than osteogenic medium,
there were no differences in the osteogenic gene expression between two groups of
negative control and miR-302 knock-down cells. However, there were a modest but
significant rise in RUNX2 expression and a notable decrease in ALP expression during
time course in both control and knock-down cells (Figure 5-7).
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Figure 5-4; Effect of miR-302 family knock-down on RUNX2 expression in MSCs (P5) after
induction with osteogenic medium for 14 days. Control = Negative Control, 302 KD = miR-302
family Knock-Down, KD1= First knock-down experiment, KD2= Second knock-down experiment,
KD3= Third knock-down experiment. Cells were seeded in four replicates (n=4). All the values
were normalised to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold
change of relative expression based on negative control day 0. Error bars indicate Standard
Deviation.
A: RUNX2 expression during KD1, B: RUNX2 expression during KD2, C: RUNX2 expression
during KD3
Two way ANOVA shows significant effect of treatment (*) and time (+) (P<0.0001) which is
indicated at the chart title. Bonferroni’s post-test shows significant rise in RUNX2 expression in
KD1 and KD3 and KD2 (P<0.01). (*) above error bars indicate the significant difference between
negative control and knock down cells for each time point.
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Figure 5-5; Effect of miR-302 family knock-down on ALP expression in MSCs (P5) after induction
with osteogenic medium for 14 days. Control = Negative Control, 302 KD = miR-302 family
Knock-Down, KD1= First knock-down experiment, KD2= Second knock-down experiment, KD3=
Third knock-down experiment. Cells were seeded in four replicates (n=4). All the values were
normalised to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change
of relative expression based on negative control day 0. Error bars indicate Standard Deviation.
A: ALP expression during KD1, B: ALP expression during KD2, C: ALP expression during KD3
Two way ANOVA shows significant effect of treatment (*) and time (+) in all three experiments
(P<0.005) which is indicated at the chart title. Bonferroni’s post-test shows significant rise in ALP
expression in day7 and 14 in KD1, KD2 and from day4 to day14 in KD3 (P<0.005). (*) above error
bars indicate the significant difference between negative control and knock down cells.
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Figure 5-6; Effect of miR-302 family knock-down on OSC expression in MSCs (P5) after induction
with osteogenic medium for 14 days. Control = Negative Control, 302 KD = miR-302 family
Knock-Down, KD1= First knock-down experiment, KD2= Second knock-down experiment, KD3=
Third knock-down experiment. Cells were seeded in four replicates (n=4). All the values were
normalised to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change
of relative expression based on negative control day 0. Error bars indicate Standard Deviation.
A: OSC expression during KD1, B: OSC expression during KD2, C: OSC expression during KD3
Two way ANOVA shows significant effect of treatment (*) in only KD2 (P<0.005) which is indicated
at the chart title. Bonferroni’s
Post-test showed no significant changes throughout. (*) above error bars indicate the significant
difference between negative control and knock down cells.
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Figure 5-7; Effect of miR-302 family knock-down on osteoblastic gene expression in MSCs (P5)
after culture with normal medium for 14 days. Control = Negative Control, 302 KD = miR-302
family Knock-Down, KD3= In parallel with third knock-down experiment, NM: Normal media
treatment.Cells were seeded in four replicates (n=4). All the values were normalised to RPL. Data
were calculated, using the ∆∆Ct method and expressed as fold change of relative expression
based on negative control day0. Error bars indicate Standard Deviation.
A: RUNX2 expression during KD3, B: ALP expression during KD3, C: OSC expression during
KD3. Two way ANOVA shows overall significant effect of time (+) in RUNX2 and ALP expression
(P<0.0001) which is indicated at the chart title. Bonferroni’s post-test shows no significant
changes.
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Adipocytic genes expression after KD
In two different experiments of adipogenic media-induced MSCs after knock-down, three
adipocytic genes were measured by qRT-PCR. PPARƔ expression was upregulated with
time and CEBPβ expression increased transiently in both experiments (P<0.0001).
However, there were no differences seen between control and knock-down cells which
suggests that PPARƔ and CEBPβ expression is not affected by knock-down (Figures 58, 5-9).
Results for FAB4 expression showed a very marked increase in expression of almost
3000 and 1500 fold on day14 in KD1 and KD2 respectively (P<0.005). In addition, knock
down of miR-302 further increased FAB4 expression at day 14 (Figure 5-10).
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Figure 5-8; Effect of miR-302 family knock-down on PPARƔ expression in MSCs (P5) after
induction with adipogenic medium for 14 days. Control = Negative Control, 302 KD = miR-302
family Knock-Down, KD1= First knock-down experiment, KD2= Second knock-down experiment.
Cells were seeded in four replicates (n=4). All the values were normalised to RPL. Data were
calculated, using the ∆∆Ct method and expressed as fold change of relative expression based on
negative control day 0. Error bars indicate Standard Deviation.
A: PPARƔ expression during KD1, B: PPARƔ expression during KD2.
Two way ANOVA shows significant effect of time (+) in both experiments (P<0.0001) which is
indicated at the chart title. Bonferroni’s post-test shows no significant changes
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Figure 5-9; Effect of miR-302 family knock-down on CEBPβ expression in MSCs (P5) after
induction with adipogenic medium for 14 days. Control = Negative Control, 302 KD = miR-302
family Knock-Down, KD1= First knock-down experiment, KD2= Second knock-down experiment.
Cells were seeded in four replicates (n=4). All the values were normalised to RPL. Data were
calculated, using the ∆∆Ct method and expressed as fold change of relative expression based on
negative control day 0. Error bars indicate Standard Deviation.
A: CEBPβ expression during KD1, B: CEBPβ expression during KD2.
Two way ANOVA shows significant effect of time (+) in both KD1 and KD2 (P<0.0001) which is
indicated at the chart title. Bonferroni’s post-test shows no significant changes
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Figure 5-10; Effect of miR-302 family knock-down on FAB4 expression in MSCs (P5) after
induction with adipogenic medium for 14 days. Control = Negative Control, 302 KD = miR-302
family Knock-Down, KD1= First knock-down experiment, KD2= Second knock-down experiment.
Cells were seeded in four replicates (n=4). All the values were normalised to RPL. Data were
calculated, using the ∆∆Ct method and expressed as fold change of relative expression based on
negative control day 0. Error bars indicate Standard Deviation.
A: FAB4 expression during KD1, B: FAB4 expression during KD2.
Two way ANOVA shows significant effect of time (+) for both KD1 and KD2 and treatment (*) for
KD1 (P<0.0001) which is indicated at the chart title. Bonferroni’s post-test shows significant rise
of FAB4 expression only on day14 for KD1 and KD2 (P<0.005). (*) above error bars indicate the
significant difference between negative control and knock down cells.
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5.4.2. Gain of function assays.
To investigate the effects of gain of function of miR-302 family members, overexpression
was performed and followed by osteogenic and adipogenic differentiation in parallel with
growth medium treatment as a control as described in Chapter 2. The effects of over
expression of miR-302a and miRNA-302b were tested separately using specific mimics.
Firstly, miRNA overexpression efficiency was tested. In later experiments we also
carried out a time course experiment to test expression of miRNA-302a at day 0, 7 and
14 after transfection of MSCs by miR-302a mimic. We did not carry out the time course
experiment for the miRNA-302b mimic owing to the lack of effects seen with this mimic
on MSCs.
The initial testing of over expression efficiency showed a large increase in miR-302a and
miR-302b after 24h post transfection (Figure 5-11).
Time course experiments showed that the magnitude of miRNA over expression reduced
over 14 days but was still significantly increased compared to negative controls, at day
14 (P≤0.01). (Figure 5-12).
Expression of miR-302b was tested in MSCs after transfecting by miR-302a- mimic and
showed no significant rise. Also, the expression of miR-302a in MSCs transfected by
miR-302b was not increased (Figure 5-13 A, B).
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Figure 5-11; Effect of miR-302a and miR-302b mimic on the expression of mir-302a and miR302b respectively in MSCs, after 24 hours culture with normal media. Control = Negative Control
and Mimic= miR-302a/b mimic. Cells were seeded in four replicates (n=4). All the values were
normalised to RNU6. Data were calculated, using the ∆∆Ct method and expressed as fold change
of relative expression based on negative control. Error bars indicate Standard Deviation.
Unpaired two tailed t-tests show significant increase in miR-302a and miR-302b expression after
over expression (P<0.001). (*) above error bars indicate the significant difference between
negative control and over expressed cells in each group.
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Figure 5-12; Effect of time on expression of miR-302a after miR-302a over expression in MSCs
(P5) culture in growth media for 24 hours (day 0), 7 and 10 days. Control = Negative Control,
miR-302a OE= miR-302a over expression. Cells were seeded in four replicates (n=4). All the
values were normalised to RNU6. Data were calculated, using the ∆∆Ct method and expressed
as fold change of relative expression based on negative control. Error bars indicate Standard
Deviation. Unpaired two tailed t-test shows significant upregulation of miR-302a at day 0, day 7
and day 14 (P≤0.01). (*) above error bars indicate the significant difference between negative
control and miR-302a mimic cells for each time point.
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A) miR-302b expression in MSCs after miR-302a overexpression
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B) miR-302a expression in MSCs after miR-302b overexpression
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Figure 5-13; Effect of overexpression of one member of miR-302 family on another member
expression in MSCs (p5).Control = Negative Control, miR-302b OE= miR-302b over expression,
miR-302a OE= miR-302a Overexpression. Cells were seeded in four replicates (n=4). All the
values were normalised to RNU6. Data were calculated, using the ∆∆Ct method and expressed
as fold change of relative expression based on negative control. Error bars indicate Standard
Deviation.
A) Effect of miR-302a mimic on miR-302b expression. One way ANOVA and Bonferroni’s posttest showed no significant decrease in expression of miRN-302b.
B) Effect of miR-302b mimic on miR-302a expression. Unpaired T-test showed the decrease in
miR-302a is not significant.
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MiR-302b overexpression
The effects of miR-302b over expression were tested by transfection of MSCs with miR302b mimic or negative control, followed by osteogenic, adipogenic or normal media
treatment for 14 days.

qRT-PCR was carried out at baseline (24 hours after

transfection), and at days 1,2,4, 7 and 14. The experiments were repeated twice for
osteogenic and adipogenic induced MSC and once for normal medium treatment.
Osteoblastic gene expression after over expression of miR-302b
In both experiments RUNX2 expression reached a peak of expression at early time
points following osteogenic induction, at day 2 of the first experiment (OE1) and day 4 of
the 2nd experiment (OE2) (P<0.0001).

Over expression of miR-302b significantly

reduced RUNX2 expression day 1 in OE1 and on day 4 in OE2 (P<0.05) (Figure 5-14).
ALP expression showed a general increase in expression during the experiments
(P<0.05) but miR-302b over expression had no consistent effects on ALP, with no
significant effects at all in OE1 and although there was a significant overall effect of
overexpression by Two way ANOVA, there were no significant differences at any specific
time point (Figure 5-15). There were no effects of overexpression on OSC expression
(Figure 5-16).
In cells treated with normal media RUNX2 was upregulated and ALP and OSC
downregulated at later time points but there was no effect of overexpression seen (Figure
5-17).
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Figure 5-14; Effect of miR-302b over expression on RUNX2 expression in MSCs (P5) after
induction with osteogenic medium for 14 days. Control = Negative Control, miR-302b = miR-302b
over expression, OE1= First miR-302b over expression experiment, OE2= Second miR-302b over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: RUNX2 expression during OE1, B: RUNX2 expression during OE2.
Two way ANOVA shows significant effect of time (+) in both experiments (P<0.0001), which is
indicated at the chart title. Bonferroni’s post-test shows significant decrease in RUNX2 expression
on first day in OE1 and on day 4 in OE2 (P<0.05). (*) above error bars indicate the significant
difference between negative control and miR-302b over expressed cells.
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Figure 5-15; Effect of miR-302b over expression on ALP expression in MSCs (P5) after induction
with osteogenic medium for 14 days. Control = Negative Control, miR-302b = miR-302b over
expression, OE1= First miR-302b over expression experiment, OE2= Second miR-302b over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: ALP expression during OE1, B: ALP expression during OE2.
Two way ANOVA shows significant overall effect of time (+) in OE1 and OE2 and treatment (*) in
OE2 (P<0.05), which is indicated at the chart title. Bonferroni’s post-test shows no significant
changes in ALP expression in both OE1 and OE2.
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Figure 5-16; Effect of miR-302b over expression on OSC expression in MSCs (P5) after induction
with osteogenic medium for 14 days. Control = Negative Control, miR-302b = miR-302b over
expression, OE1= First miR-302b over expression experiment, OE2= Second miR-302b over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: OSC expression during OE1, B: OSC expression during OE2.
Two way ANOVA shows significant effect of time (+) in OE2 (P<0.05), which is indicated at the
chart title. Bonferroni’s post-test shows no significant changes in OSC expression in both OE1
and OE2.
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Figure 5-17; Effect of miR-302b over expression on osteoblastic gene expression in MSCs (P5)
after culture with normal medium for 14 days in parallel with OE2. Control = Negative Control,
miR-302b = miR-302b over expression, OE2= Second miR-302b over expression experiment,
NM; Normal media treatment. Cells were seeded in four replicates (n=4). All the values were
normalised to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change
of relative expression based on negative control day 0. Error bars indicate Standard Deviation.
A: RUNX2 expression during OE2, B: ALP expression during OE2, C: OSC expression during
OE2. Two way ANOVA shows significant effect of time (+) in RUNX2, ALP and OSC expression
(P<0.01), which is indicated at the chart title. Bonferroni’s post-test shows no significant changes.
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Adipocytic gene expression after over expression of miR-302b
PPARƔ expression showed up regulation during the experiment (P<0.005) but there
were no consistent effects of overexpression of miR-302b on PPARƔ, with a significant
reduction on day 14 in OE1 (P<0.05), and a significant increase on day 2 (P<0.05) in
OE2 (Figure 5-18). CEBPβ expression was significantly down regulated in controls at
later time points but there were no effects of overexpression of miR-302b (Figure 5-19).
FAB4 data showed dramatic upregulation at later time points (P<0.0001), but in test
groups the expression was significantly reduced compared to controls at day 14 in both
experiments (P<0.0005) (Figure 5-20).
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Figure 5-18; Effect of miR-302b over expression on PPARƔ expression in MSCs (P5) after
induction with adipogenic medium for 14 days. Control = Negative Control, miR-302b = miR-302b
over expression, OE1= First miR-302b over expression experiment, OE2= Second miR-302b over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day0. Error bars indicate Standard Deviation.
A: PPARƔ expression during OE1, B: PPARƔ expression during OE2.
Two way ANOVA shows significant effect of time (+) in both experiments and treatment in OE1
(P<0.005), which is indicated at the chart title. Bonferroni’s post-test shows significant decrease
in PPARƔ expression on day 14 in OE1 and increase on day 2 in OE2 (P<0.05). (*) above error
bars indicate the significant difference between negative control and miR-302b over expressed
cells.
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Figure 5-19; Effect of miR-302b over expression on CEBPβ expression in MSCs (P5) after
induction with adipogenic medium for 14 days. Control = Negative Control, miR-302b = miR-302b
over expression, OE1= First miR-302b over expression experiment, OE2= Second miR-302b over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: CEBPβ expression during OE1, B: CEBPβ expression during OE2.
Two way ANOVA shows significant effect of time (+) in both experiments (P<0.0001), which is
indicated at the chart title. Bonferroni’s post-test shows no significant changes in CEBPβ
expression.
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Figure 5-20; Effect of miR-302b over expression on FAB4 expression in MSCs (P5) after
induction with adipogenic medium for 14 days. Control = Negative Control, miR-302b = miR-302b
over expression, OE1= First miR-302b over expression experiment, OE2= Second miR-302b over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: FAB4 expression during OE1, B: FAB4 expression during OE2.
Two way ANOVA shows significant effect of time (+) in both experiments and treatment (*) in OE1
(P<0.0001), which is indicated at the chart title. Bonferroni’s post-test shows significant decrease
in FAB4 expression on day 14 in OE1 and OE2 (P<0.0005). (*) above error bars indicate the
significant difference between negative control and miR-302b over expressed cells.
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miRNA-302a over expression
In order to investigate the role of miR-302a in MSC differentiation, cells were seeded and
miR-302a mimic and negative control were transfected into them. Then cells were
treated by osteogenic, adipogenic or growth media for 14 days and qRT-PCR carried out
at the baseline (24 hours after transfection), and at days 1,2,4,7 and 14. This experiment
was repeated twice for osteogenic and adipogenic induced MSC and once for normal
medium treatment.
Osteoblastic gene expression after over expression of miR-302a
In the group of MSC which induced by osteogenic medium, RUNX2 expression declined
remarkably on day 2 in OE3 and OE4 (P<0.005). Moreover, both experiments were
meaningful in terms of overall expression change during time course and the differences
between negative control and over-expressed group on RUNX2 expression (P<0.05)
(Figure 5-21). Interestingly, expression of ALP declined crucially, from day 4 in both
experiment (P<0.005). Also, osteogenic and over expression are highly effective on gene
level in OE3 and OE4 (P<0.0001) (Figure 5-22). As before, there were no significant
changes seen with OSC expression (Figure 5-23).
In cells grown in normal growth media there were no significant effects of overexpression
of miR302a, although there was a small increase in expression of RUNX2 and ALP
expression with time during cultures (P<0.0001) (Figure 5-24).
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Figure 5-21; Effect of miR-302a over expression on RUNX2 expression in MSCs (P5) after
induction with osteogenic medium for 14 days. Control = Negative Control, miR-302a = miR-302a
over expression, OE3= First miR-302a over expression experiment, OE4= Second miR-302a over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: RUNX2 expression during OE3, B: RUNX2 expression during OE4.
Two way ANOVA shows significant effect of treatment (*) in OE3 and OE4 and time (+) in both
experiments (P<0.05), which is indicated at the chart title. Bonferroni’s post-test shows significant
decrease in RUNX2 expression on day 2 in both OE3 and OE4 (P<0.005). (*) above error bars
indicate the significant difference between negative control and miR-302a over expressed cells.
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Figure 5-22; Effect of miR-302a over expression on ALP expression in MSCs (P5) after induction
with osteogenic medium for 14 days. Control = Negative Control, miR-302a = miR-302a over
expression, OE3= First miR-302a over expression experiment, OE4= Second miR-302a over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: ALP expression during OE3, B: ALP expression during OE4
Two way ANOVA shows significant effect of treatment (*) and time (+) in both experiments
(P<0.0001), which is indicated at the chart title. Bonferroni’s post-test shows notable decrease in
ALP expression in both OE3 and OE4 (P<0.005). (*) above error bars indicate the significant
difference between negative control and miR-302a over expressed cells.
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Figure 5-23; Effect of miR-302a over expression on OSC expression in MSCs (P5) after induction
with osteogenic medium for 14 days. Control = Negative Control, miR-302a = miR-302a over
expression, OE3= First miR-302a over expression experiment, OE4= Second miR-302a over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: OSC expression during OE3, B: OSC expression during OE4
Two way ANOVA does not show significant effect of treatment and time. Bonferroni’s post-test
shows no notable decrease in OSC expression.
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Figure 5-24; Effect of miR-302a over expression on osteoblastic gene expression in MSCs (P5)
after culture with normal medium for 14 days in parallel with OE4. Control = Negative Control,
miR-302b = miR-302a over expression, OE4= Second miR-302a over expression experiment,
NM; Normal media treatment. Cells were seeded in four replicates (n=4). All the values were
normalised to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change
of relative expression based on negative control day 0. Error bars indicate Standard Deviation.
A: RUNX2 expression during OE4, B: ALP expression during OE4, C: OSC expression during
OE4. Two way ANOVA shows significant effect of time (+) in RUNX2 and ALP expression
(P<0.0001), which is indicated at the chart title. Bonferroni’s post-test shows no significant
changes.
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Adipocytic genes expression after over expression of miR-302a
In cells treated with adipogenic medium, there was a noticeable increase in PPARƔ
expression with time (P<0.005) but no significant effect of overexpression of miR302a
(Figure 5-25). Similarly, CEBPβ expression was modestly increased at early time points
(P<0.0001) (Figure 5-26). However, no differences were detected between control and
treated groups. FAB4 expression rose in both control and mimic group in OE3 and OE4
by day 14 (P<0.05). Also, its expression on day 14 was significantly higher in mimic
group in both experiments (P<0.05) (Figure 5-27).
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Figure 5-25; Effect of miR-302a over expression on PPARƔ expression in MSCs (P5) after
induction with adipogenic medium for 14 days. Control = Negative Control, miR-302a = miR-302a
over expression, OE3= First miR-302a over expression experiment, OE4= Second miR-302a over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: PPARƔ expression during OE3, B: PPARƔ expression during OE4.
Two way ANOVA shows significant effect of treatment (*) in OE4 and time (+) in both experiments
(P<0.005), which is indicated at the chart title. Bonferroni’s post-test shows no significant changes
in PPARƔ expression in both OE3 and OE4.
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Figure 5-26; Effect of miR-302a over expression on CEBPβ expression in MSCs (P5) after
induction with adipogenic medium for 14 days. Control = Negative Control, miR-302a = miR-302a
over expression, OE3= First miR-302a over expression experiment, OE4= Second miR-302a over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: CEBPβ expression during OE3, B: CEBPβ expression during OE4.
Two way ANOVA shows significant effect of time (+) in both experiments (P<0.0001), which is
indicated at the chart title. Bonferroni’s post-test shows no significant changes in CEBPβ
expression in both OE3 and OE4.
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Figure 5-27; Effect of miR-302a over expression on FAB4 expression in MSCs (P5) after
induction with adipogenic medium for 14 days. Control = Negative Control, miR-302a = miR-302a
over expression, OE3= First miR-302a over expression experiment, OE4= Second miR-302a over
expression experiment. Cells were seeded in four replicates (n=4). All the values were normalised
to RPL. Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on negative control day 0. Error bars indicate Standard Deviation.
A: FAB4 expression during OE3, B: FAB4 expression during OE4.
Two way ANOVA shows significant effects of treatment (*) in OE4 and time (+) in both
experiments (P<0.05), which is indicated at the chart title. Bonferroni’s post-test showed
significant increase on day 14 in FAB4 expression in both OE3 and OE4 (P<0.05). (*) above error
bars indicate the significant difference between negative control and miR-302a over expressed
cells.
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5.4.3. MTT
To test the effects of miR302 on cell proliferation we carried out MTT assays for miR302 family inhibitor and miR-302a and b mimic, compared to negative control and MSCs
without transfection, after 4 and 6 days of treatment with growth medium. The
absorbance was proportional to the number of live cells in the wells and presented as
Optical Density (OD).
The number of cells increased significantly in all cultures during the time course in all
three experiments, although there were no significant differences detected in number of
cells at day 4 between the three groups under investigation (Figure 5-28). At day 6 there
was a reduction in cell numbers in both the transfected negative controls and the test
treatments compared to the no transfection control, but no differences were seen
between test cultures and the transfected negative controls.
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Figure 5-28; Cell viability assay; comparison of miR-302 knock down, miR-302a mimic and miR302b mimic with negative control and non-transfected MSCs, seeded in 5 replicates (n=5) and
treated by growth medium for 4 or 6 days. OD=Optical Density. KD= miR-302 family Knock Down,
302a= miR-302a mimic, 302b=miR-302b mimic. Data were presents as Optical Density which is
proportional to the number of viable cells. Error bars indicate Standard Deviation
A: miR-302 family knock down MTT assay. Two way ANOVA shows remarkable effect of
treatment (*) and time (+) in proliferation of cells (P<0.001), which is indicated at the chart title.
Bonferroni’s post-test shows significant decrease in cell numbers on day 6 in negative control and
knock-down cells compare to normal cell (P<0.005). (*) above error bars indicate the significant
difference between negative control and knock down cells compare to non-transfected cells for
each time point.
B: miR-302a mimic MTT assay, Two way ANOVA shows remarkable effect of treatment (*) and
time (+) in proliferation of cells (P<0.05), which is indicated at the chart title. Bonferroni’s post-test
shows significant decrease in cell numbers on day 6 in negative control compare to normal cell
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(P<0.005). (*) above error bars indicate the significant difference between negative control
compare to non-transfected cells for each time point.
C: miR-302b mimic MTT assay, Two way ANOVA shows remarkable effect of treatment (*) and
time (+) in proliferation of cells (P<0.05), which is indicated at the chart title. Bonferroni’s post-test
shows significant decrease in cell numbers on day 6 in negative control and over expressed cells
compare to normal cell (P<0.05). (*) above error bars indicate the significant difference between
negative control and miR-302b mimic cells compare to non-transfected cells for each time point.

5.4.4. ALP activity assay
To measure ALP enzyme activity, ALP activity assay was performed after transfection of
miR-302 family inhibitor, miR-302a or miR-302b mimic into MSCs and cells were induced
by osteogenic medium for 4,7,10 and 14 days. ALP progression level measured after 10
minutes.
In miR-302 family inhibitor group ALP activity was increased at day 7 significantly (p
<0.0001) compare to negative control (Figure 5-29, A). Interestingly, in miR-302a mimic
group the activity of ALP was reduced significantly (p <0.05) at day 10 and 14 (Figure 529, B). No changes in the ALP enzyme activity were detected in the group of cells
transfected with miR-302b mimic (Figure 5-29, C).
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Figure 5-29; Alkaline phosphatase activity assay of MSCs measured after 10 minutes of
incubation. Cells seeded in eight replicates (n=8) for day 4 only after mi-302 knock down and
miR-302a overexpression and in 5 replicates (n=5) for days 7, 10 and 14 for all three groups and
treated by osteogenic medium and were compared to negative control. The absorbance was read
at 405 nm. 1 unit = a nmole ρ-nitrophenol/mg of protein/30 min. Data presented as unit and error
bars indicate Standard Deviation.
A: ALP activity after miR-302 family knock down after 4, 7, 10 and 14 days of osteogenic
treatment.
B: ALP activity after miR-302a over expression after 4, 7, 10 and 14 days of osteogenic treatment.
C: ALP activity after miR-302b over expression after 7, 10 and 14 days of osteogenic treatment.
Unpaired T-test shows significant increase (p <0.0001) at day7 after miR-302 knockdown and
significant decrease (p <0.05) at day 10 and 14 after miR-302 overexpression. (*) above error
bars indicate the significant difference between negative control and knock down or miR-302a/b
mimic cells compare to negative control for each time point.
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5.5. Discussion
In the knockdown experiments, the miR-302 family inhibitor effectively knocks down miR302a and miR-302b but not miR-302c. On day 0 and 7 a robust decrease in expression
was detectable, but by day 14 its expression was recovering, although it was still more
than 50% lower than controls. Our findings demonstrate that osteogenic induction with
osteogenic medium results in upregulation of the osteoblastic differentiation markers
RUNX2 and ALP and in particular their expression was markedly increased following
knockdown of the miR-302 family. The absence of effect on cells grown in normal
medium further suggests that miR-302 inhibition is not sufficient to induce osteoblastic
differentiation of MSCs in the absence of other inductive signals provided by the medium.
RUNX2 has been known as a master switch of osteogenesis which is necessary and
sufficient for osteoblastic differentiation. It also stimulates the expression of other
osteoblastic specific genes such as ALP and OSC. Therefore, it seems that RUNX2
expression induces ALP activity dose-dependently and then stimulates other osteogenic
regulator genes in both immature and differentiated osteoblasts that means it acts as
regulator of differentiation and function of osteoblasts (Ducy, Zhang et al. 1997, Robey
2003, Zhao, Zhao et al. 2005). In our study RUNX2 was expressed very early in the
osteogenic process and then peaked between day 4-7 in three different MSCs groups,
which is following the pattern of RUNX2 expression in osteogenic differentiation
described by Mizuno and colleagues previously (Mizuno and Kuboki 2001).
ALP is a mineralisation marker gene that is expressed in early stages of differentiation
of MSCs into osteoblasts (Aubin 2001). We detected a rise in ALP in the period of 14
days after osteogenic induction of our cells after knockdown of miR-302 family with a
leap around day 7 at least in two groups of knockdown cells, compared to normal medium
treatment and the rise continued until last day of our experiment (day 14). This finding is
in agreement with other studies that suggest ALP expression increases until week three
during osteogenesis in vivo (Mizuno and Kuboki 2001). Also, Liu and colleagues
suggested that ALP shows a rapid rise in second week of differentiation of MSCs into
osteoblasts which again is similar to our results (Liu, Akiyama et al. 2008).
Transfection of MSCs with miR-302b-3p mimic by lipofection resulted in a dramatic rise
in the expression of miR-302b. However, after osteogenic induction, RUNX2 was down
regulated at one time point which was different between the 2 experiments. There were
no effects of the test treatment on ALP or OSC expression and in the cells cultured in
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normal growth medium, there were no significant differences between tests and controls.
These results suggest that overexpression of miR-302b has no influence on
osteogenesis of MSCs. There was no other previous reports indicating miR-302b may
have direct involvement in the regulation of osteogenesis of MSCs.
When miR-302a mimic was transfected into MSCs, qRT-PCR data showed a striking rise
in miR-302a expression. Although the transfection was transient and the expression of
miR-302a recovered during time of culture, the high expression in the mimic group was
reliable even by the last day of experiment. In osteogenic medium, RUNX2 expression
peaked at day 2, but was markedly down regulated at this time point only in the test
group. There was a dramatic difference in ALP expression between the two groups with
a markedly decreased expression in test cells. In 2015 Wei and colleagues demonstrated
the effect of miR-302 mimic on adipose-derived mesenchymal stem cells that resulted in
decrease in the expressions of Runx2 and ALP in the experimental group at day 6. They
suggested that overexpression of miR-302 can negatively modulate osteogenesis of
ASCs (Wei 2015). Our results, which regardless origin of stem cells is in agreement with
Wei et al findings, can suggest that overexpression of miR-302a inhibits osteogenesis of
MSCs.
Taken together, our results suggest that miR-302a can be a modulator of osteogenic
differentiation of MSCs that inhibit the process. However, in 2014 Kang et al showed that
miR-302a could be a positive regulator for osteoblast differentiation in MC3T3-E1 cells
(Kang, Jeong et al. 2014). We further discuss these different results in chapter 6.
PPARƔ plays a similar role for adipogenesis as RUNX2 for osteogenesis of MSCs. There
is a transcriptional cascade during adipocytes differentiation beginning with C/EBPβ and
C/EBPδ, that induce expression of C/EBPα and PPARƔ. FAB4 expresses later during
terminal differentiation stage (Farmer 2006, Lefterova, Zhang et al. 2008). Although, in
our study PPARƔ expression showed no significant differences between control and
adipogenic medium treated cells after miR-302 family knockdown, at day 14, FAB4
expression, which is greatly elevated at that time point, increased further in knockdown
cells and miR-302a mimic cells. These results suggest that the major effect of miR-302
is on the inhibition of osteoblastic commitment and differentiation with no concomitant
effects on adipocytic differentiation. They further suggest that the actions on FAB4 at
day 14 may be due to an effect on late stage adipocytic differentiation rather than
influencing the initial adipocytic fate decision of undifferentiated MSCs. However, there
is a report of miR-302a involvement in adipocyte differentiation of 3T3-L1 cells as a
negative regulator by targeting PPARƔ (Jeong, Kang et al. 2014). Also, Wei et al showed
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an increase in the number of positive cells for oil red O staining and higher absorbance
of oil red O staining after overexpression of miR-302 and suggested an adipogenic
stimulation role for miR-302 in ASCs (Wei 2015). Again, we discuss this issue more in
chapter 6.
Results from the MTT assay, showed no difference between knock down or
overexpressed cells compare to negative controls, which can suggest miR-302 has no
effect on MSCs proliferation. These results are in contrast to those of Kim et al who
reported that miR-302d regulates proliferation and cell survival of hADSCs through
different targets (Kim, Shin et al. 2014). The difference can be described by the different
cells and the member of miR-302 family used in two studies. Unfortunately, miR-302d
was not our miRNA of interest in this study. Therefore, to investigate miR-302 family
engagement in MSCs proliferation, further studies by using miR-302d should be done,
which is beyond our project. Our data showed that both test and control groups
decreased in the number of viable cells compared to non-transfected cells. This finding
is in keeping with previous results from lipofection in MSCs. McMahon and colleagues in
2006 described lipofection of plasmid DNA into rat MSCs followed by moderate
transfection level, which resulted in cell death (McMahon, Conroy et al. 2006) and
Madeira et al in 2010 showed viability >90% of cells after lipofection of MSCs with
plasmid DNA (Madeira, Mendes et al. 2010).
The data from ALP assays showed that ALP activity was significantly higher in the knock
down group than controls on day 7, but over expression did not have any effects.
Although these data are consistent with our findings of gene expression following
knockdown, they differ from those of Wei and colleagues who reported that a miR-302
specific mimic decreased the precipitate and activity of ALP significantly as compared
with the control group in ASCs (Wei 2015). Again, the source of stem cells can be one
reason for the different results between these studies.
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6. Discussion
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In this study we set out to test whether miRNAs play a role in the determination of fate
decisions by MSCs. Overall, we demonstrated that the miR-302 family may act as novel
negative regulator of osteoblastic commitment of MSCs. Our results further suggest that
miRNA-302a may be particularly implicated in these processes.
miRNAs have been shown to regulate many developmental processes in the body. There
is some existing evidence to suggest that miRNAs may contribute to MSCs fate
regulation, although the role of particular miRNAs in lineage specific regulation of MSCs
is still not well understood (Guo, Zhao et al. 2011). In contrast there is considerably more
evidence that miRNAs have significant roles in the regulation of lineage regulation of
ESCs (Lakshmipathy and Hart 2008, Laine, Hentunen et al. 2012).
In chapter 3 we tested the differentiation capacities of different MSC cell lines and
selected one cell line for use during the rest of project. In chapter 4 the aim was to
identify miRNAs which are potentially involve in osteogenesis or/and adipogenesis of
MSCs and in chapter 5 we aimed to test whether these miRNAs affected osteoblast and
adipocyte differentiation.

6.1. Validation of differentiation capacities of MSC cultures
In chapter 3, in initial preliminary experiments, we compared three different human MSCs
lines, for their differentiation capacity and lineage specific gene expression, together with
mineralised matrix formation and lipid drop accumulation during osteogenic and
adipogenic induction respectively. These cell lines were derived from different young
adult donors and were obtained from a commercial source. Although all cell lines
showed osteoblastic and adipocytic differentiation, distinct patterns of expression were
seen between groups. This is likely to be the result of the heterogeneity seen in MSC
cultures that was discussed extensively in chapter 3.
RUNX2 was examined as master marker of osteoblastic differentiation and it increased
very early during the differentiation of MSCs and reached its peak at day 7. The pattern
of RUNX2 expression found in our experiment, follows the pattern described by previous
studies such as Mizuno and Kuboki study in 2001 (Mizuno and Kuboki 2001). As a
mineralisation marker, ALP was detected at early stages of osteogenesis as was
expected based on previous reports where ALP expression has been described as
increasing markedly during 14 days of culture (Aubin 2001, Liu, Akiyama et al. 2008).
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OSC and SPP-1 genes encode the bone matrix proteins osteocalcin and osteopontin
respectively and are generally expressed at a late stage of osteoblast differentiation
during mineralisation (Weinreb, Shinar et al. 1990). In the experiments here, SPP-1
expression did not show consistent significant changfes in expression during
differentiation. Whilst osteopontin is certainly a bone matrix protein, it is not specifically
expresed in osteoblasts and not particularly expressed in early osteoblasts. Therefore,
we removed SPP-1 testing from our future experiments. Although OSC is a typical
marker of osteoblastic phenotype, its expression occurs at a late stage in mineralised
tissue-formation, often in the third week of culture or later (Mizuno and Kuboki 2001).
Therefore, the absence of OSC after week 2 in our cells is likely the result of the time
scale of our studies. Although we continued to include OSC expression in subsequent
experiments we did not see any consistent significant changes in its expression in this
experiment.

6.2. Identification of previously known miRNAs involved in MSC fate
determination
In chapter 4, we set out to identify miRNAs which might be involved in regulating MSC
fate determination. Firstly, we investigated the expression patterns of 9 miRNAs which
had previously been reported to be involved in fate decisions in other stem cells, during
osteogenic and adipogenic induction of MSCs, using 4 different MSC cell lines. Slightly
surprisingly, none of the candidate miRNAs showed any consistent changes in
expression either for osteogenic or adipogenic induction. This may be because the
previous reports had not been tested in MSCs and may also reflect the difficulty of
obtaining reproducible results in different heterogenous cell lines (Pevsner-Fischer,
Levin et al. 2011), as discussed in chapter 3. Since these inconsistent results did not
identify any strong candidates for further testing, our second approach used a miRNA
array. To perform the array, we used clonally derived MSC RNAs, previously made in
our lab and kindly given to us by Dr. Gharibi. This helped us to use clones with
predominantly osteogenic potential, adipogenic potential or bipotential to avoid any effect
of heterogeneity of MSCs and produce more reliable results by array. From two
independent array experiments and qRT-PCR validation, five miRNAs namely miR-195,
miR-215, miR-302a, miR-302c and miR-520 were chosen for further study, based on the
fact that these miRNAs had not previously been well investigated in MSCs. As this list of
miRNAs included two members of miR-302 family (a and c) and the results from past
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studies showed that miR-302 usually work as a family or cluster (Lipchina, Elkabetz et
al. 2011), we decided to add miR-302b and investigate them as a family.

6.3. Verification of the role of the miR-302 family in MSC differentiation
In Chapter 5, experiments to investigate the functional role of the miR-302 family are
described. These experiments used transient transfection of miR-302 inhibitor and miR302a and miR-302b mimics to knock down or over express miR-302 family members.
Initial studies showed that transfection of the inhibitor resulted in robust knockdown of
both 302a and 302b but had no effects on the expression of miR-302c. Because of this
result, together with the observation that miR-302c expression did not significantly
change during adipogenic treatment, we focussed our experiments on miR-302a and b
only. Initial experiments with transfection of mimics showed robust up regulation of miR302a and miR-302b specifically, with no effects of the miR-302a mimic on miR-302b
expression and vice versa.

6.3.1. Osteoblastic differentiation
Our results demonstrate that knock down of miR- 302 family increases osteoblastic
differentiation of MSCs in the presence of osteogenic medium, and that over-expression
of mi-R302a, but not miR302b, results in inhibition of osteoblastic differentiation. Our
findings from the ALP assay, showing higher ALP activity in inhibited cells compare to
negative controls on day 7, which is in agreement with our gene expression data.
Although the results of over expression suggest that the effects are due to miR-302a, a
contributory effect from miR-302b cannot be excluded. It is certainly possible that in cells
which are constitutively expressing miR-302 members, the effects of knock down are
likely to be more definitive than over expression experiments, as further expression of
the miRNA may not be required for it to perform its normal physiological role. In fact, to
our knowledge there are no reports that have shown that miR-302b functions as a
regulator of differentiation. The main information about the actions of miR-302b to date
has shown that it may act as a tumour suppressor.

For example, Zhang et al

demonstrated that miR-302b inhibits osteosarcoma cell proliferation, promotes cell
apoptosis and targets Akt/pAkt, Bcl-2, Bim and increases cell cycle arrest by targeting
cyclin D1 and CDKs (Zhang, Hu et al. 2013). Li and colleagues have shown that miR302b supresses lung cancer cell proliferation by targeting TGFβRII (Li, Yu et al. 2016).
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In addition it has been reported to maintain “stemness” of human embryonal carcinoma
cells through Cyclin D2 regulation (Lee, Kim et al. 2008).
As briefly mentioned in chapter 5, in 2014 a positive role for miR-302a in osteogenesis
of MC3T3-E1 cells has been previously described (Kang, Jeong et al. 2014), which is in
contrast to our findings in this study. There are different possibilities that may explain this
difference; firstly, the cells used in that investigation were a committed osteoblast
precursor cell line derived from mouse calvaria and thus differ in origin and differentiation
stage from MSCs. Secondly, the supplements used in the two studies are different. In
the previous study, osteoblast precursor cells were treated by BMP2, which was absent
in our study. However, in another study performed by Wei and colleagues miR-302 has
been identified as negative regulator of osteogenesis with decrease in precipitate and
activity of ALP, RUNX2 expression and mineralisation in ADSCs (Wei 2015). Although
the cells used by this group were different from our human MSCs, the results are
consistent with our own findings.
The absence of any effects of over expression and knockdown on cells grown in normal
medium suggests that miR-302 members alone are not sufficient to regulate osteoblastic
differentiation in MSCs in the absence of other external regulatory signals such as those
provided in the osteogenic induction media.

6.3.2. Adipocyte differentiation
Although miR-302a and miR-302b expression were markedly down regulated following
adipogenic induction, the results of loss of function and gain of function experiments fail
to support the idea that miR-302 regulates adipocytic commitment of MSCs. The only
significant effects seen during adipogenic induction were on the expression of FAB4.
Fatty acid binding protein 4 (FAB4), is a cytoplasmic protein that regulates fatty acid
uptake and transport in mature adipocytes (Hertzel and Bernlohr 2000, Michal, Zhang et
al. 2006). In the experiments here, knockdown of miR-302 resulted in a marked increase
in FAB4 at day 14. Similarly, over expression of miR-302b down regulated FAB4
expression at day 14. However, in contrast, over expression of miR-302a had the
opposite effect, resulting in up regulation at day 14.
So far, involvement of miR-302 has been demonstrated in a few studies. One study
carried on by Jeong and colleagues in 2014, reported miR-302a as an adipogenic
suppressor of 3T3-L1 pre-adipocytes. They showed that inhibition of miR-302a
increased PPARƔ expression and lipid accumulation, suggesting miR-302a acted as a
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suppressor of adipocytic differentiation (Jeong, Kang et al. 2014). In contrast, in 2015
another group described an adipogenic stimulatory role for miR-302 when they observed
increased oil red O positive cells and higher absorbance of it after overexpression of
miR-302 in ADSCs (Wei 2015). However, the absence of effects overall on PPARƔ and
CEBPβ in our study suggests that miR-302 is not involved specifically in the regulation
of adipocytic commitment. To explain these varied findings, again different cells have
been used in each study. However, the extent of adipogenesis is reportedly quite similar
in lower passages of ADSCs and BMSCs (Izadpanah, Trygg et al. 2006).
FAB4 is a downstream target of PPARƔ and thus the effects of miR-302 on FAB4
expression in our findings seemed a bit surprising. Acceleration of FAB4 expression in
both knockdown and miR-302a mimic test cells was seen at day 14, while decreased
expression was seen with the miR-302b mimic at the same time point. One possible
explanation for this result is that miR-302 family members regulate FAB4 gene
expression independent of any effects on MSC commitment and fate decisions and each
member of miRNA family acts individually. Specifically, the results are consistent with
miR-302 family members targeting adipogenesis modulators at later stage of
differentiation and not during adipogenic commitment.
To summarise, the data from this study suggests that constitutive expression of miR-302
in MSCs inhibits osteoblastic, but not adipocytic differentiation.

6.4. Function of miR-302 family
6.4.1. The role of miR-302 in the regulation of Stem Cells
As discussed in chapter 1, there is increasing evidence of the role of miRNAs in many
aspects of biological and pathological processes in stem cells. Previous studies have
suggested that the miRNA-302 family may play a crucial role in early differentiation and
maintaining pluripotency in hESCs via regulation of TGF-β and BMP signalling when
clustered with miR-376 (Lipchina, Elkabetz et al. 2011). Also, it has been shown that
miR-302 regulates early stage of differentiation of ESCs into mesendodermal lineage by
controlling Nodal activity (Rosa, Spagnoli et al. 2009). This family also acts as a
developmental timer in ESCs with a critical role in neuroepithelial differentiation
(Parchem, Moore et al. 2015). Moreover, miR-302 has been shown to act as a positive
regulator of human pluripotent stem cell self-renewal, while suppressing differentiation
via an AKT1/OCT4 pathway (Li, Wei et al. 2016).
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In addition to the role miR-302 plays in ESCs, it also acts as key regulatory component
to induce pluripotency in somatic sells (Lin, Chang et al. 2010) and has been reported to
complete reprogramming of iPSC state in partially reprogrammed cells through
modulation of NANOG (Lee, Prasain et al. 2013). Furthermore, it has been reported that
Oct4-miRNA302 cluster is essential for normal pluripotent cell self-renewal and
pluripotency in P19 mouse embryonic carcinoma cells. In fact, it was shown that Oct4
activates the primary miR302 transcript in P19 cells (Liu, Deng et al. 2011). Interestingly,
Barroso et al in 2008 suggested that ESC-associated transcription factors, including
Nanog, Oct3/4, Sox2, and Rex1 can be upstream regulators of the miR-302-367
promoter (Barroso-delJesus, Romero-López et al. 2008).

6.4.2. miR-302 as tumour suppressor
MiR-302 family members have also been considered as tumour suppressors. There are
numerous studies, showing miR-302 family involvement in modulation of self-renewal
and tumorigenicity. For instance, miRNA-302a inhibits AKT expression and acts as a
tumour suppressor in colon cancer by targeting AKT-GSK3b-cyclin D1oassway as well
as prostate cancers via AKT-GSK3β-cyclin D1 and AKT-p27Kip1 pathway (Sun, Zhang
et al. 2014, Zhang, Bao et al. 2015). In 2012, Bourguignon et al demonstrated that miR302 regulates cancer stem cell properties, including self-renewal, clonal formation, and
chemotherapy resistance in HA-CD44v3-activated head and neck cancer and by using
an anti-miR-302a/miR-302b they blocked the process and subsequently inhibited selfrenewal/clonal formation and induced apoptosis and enhancement of chemosensitivity
via Oct4-Sox2-Nanog signalling pathway (Bourguignon, Wong et al. 2012). MiR-302
indirectly stimulates DOCK4 expression that in turn suppresses self-renewal and
tumorigenicity of Glioblastomas (GBM) stem-like cells. It is suggested that this mediatory
system can improve patient survival in GBM (Debruyne, Turchi et al. 2018).

6.4.3. miR-302 role in adult stem cells
Although the crucial involvement of miR-302 in ESCs and iPSCs pluripotency has been
defined in different studies, the importance of this family in MSC fate determination is
unknown. So far, relatively few studies focused on miR-302 function in adult stem cells
differentiation. In 2014, Kang and colleagues described miR-302a role in stimulation of
osteogenic differentiation in MC3T3-E1. They demonstrated that BMP2 increases miR302a by upregulating Runx2 activity, which results in repression of Chicken ovalbumin
upstream promoter transcription factor II (COUP-TFII) expression and subsequently
enhances osteogenesis (Kang, Jeong et al. 2015). Also, there is another report that
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indicates miR-302a can modulate adipogenesis negatively in pre-adipocyte 3t3-L1.
PPARƔ has been identified as miR-302a target and it has been shown that
overexpression of PPARƔ can reverse adipogenesis in these cells (Jeong, Kang et al.
2014). There is another study, reporting decrease in expression of RUNX2 and ALP after
overexpression of miR-302 which resulted in mineralization and calcium deposition in
ADSCs. In the same study they demonstrated increased adipogenic differentiation in
ADSCs by oil red O staining and measuring absorbance values of oil red O, after using
miR-302mimic (Wei 2015).

6.4.4. Proliferation
miR-302 is reported to regulate proliferation and growth in different stem cells. For
instance, miR-294/miR-302 family promotes proliferation of hESCs (Wang, Melton et al.
2013) and miR-302/367 cluster regulates BNIP3L/Nix (a BH3-only proapoptotic factor)
expression negatively and BCL-xL expression positively to inhibit apoptosis and
promotes proliferation of hESCs (Zhang, Hong et al. 2015). Also, in 2010, it was reported
that miR-302 inhibits proliferation of human pluripotent stem cells and as a result their
tumorigenicity via suppression of the CDK2 and CDK4/6 cell cycle pathways (Lin, Chang
et al. 2010). In contrast, in 2016, Li and colleagues found that miR-302 stimulates
proliferation of pluripotent and adult stem cells via AKT1/OCT4 pathway. They also
showed that miR-302 plays positive role in regulation of teratoma formation in pluripotent
stem cell, however same effect was not detected in hMSCs (Li, Wei et al. 2016).
Moreover, in 2014, Kim et al showed that miR-302 inhibits CDKN1A and CCL5
expression and induced proliferation of hADSCs (Kim, Shin et al. 2014).
However, in our project, neither over/under-expression of miR-302 members had any
significant effects on cell proliferation other than a reduction as seen in the negative
controls too, owing to the effect of the transfection process. It is possible that the MTT
assay is not the most sensitive method to measure cell proliferation and that other
methods might be more sensitive to investigate this further in future studies.

6.5. Limitations of this study
There are a number of limitations in the current study which should be considered when
discussing the data. First of all, this study relies entirely on work carried out in vitro. Since
cell behaviour depends on environment and cell-cell contact, removing them from their
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niche can influence the way they response to stimuli. Therefore, the in vitro reaction of
cells might be different from their in vivo behaviour.
Another issue that is important to consider when interpreting data, is heterogeneity of
MSCs. Thus, in particular it will be important to test the effects of miR-302 on other cell
lines of MSCs. It would also be useful to extend the observations to other MSC sources
such as adipocyte derived MSCs and dentally derived MSCs.
Although the osteo/adipogenic markers used in this project are specific putative markers
for the lineage of interest, the possibility of involvement of other specific markers which
are not included in this study should be considered.
A further limitation which can be extended to all miRNA studies, is that miRNAs modulate
a number of targets, whilst each mRNA is regulated due to expression of different
miRNAs. To overcome this issue at least partially we investigated the family members
simultaneously.

6.6. Further Studies
In these studies, we focussed on miR-302a and miR-302b, but our array results also
suggest that miR-302c might play a role in MSC regulation as it was downregulated
following osteogenic induction.

Unfortunately, it was found that miR-302c was not

affected by our inhibitor. In future studies it would be useful to test the potential roles of
both miR-302c and miR-302d (which was not included in the array and not investigated
at all here). In addition, the array data originally identified 20 genes of potential interest
and future studies on some of these miRNAs would be valuable.
As mentioned before, the other most pressing further experiments are to extend these
studies with other MSC lines, to test if the results are consistent when using other MSC
lines from different donors and origins. It would be interesting to repeat these
experiments using other adult stem cells such as Adipose-derived stem cells too.
The results of adipogenic differentiation experiments, particularly with FAB4, seem to be
inconsistent with the lack of effects on earlier transcriptional regulators of adipogenesis.
Thus, further experiments of the regulation of FAB4 would be helpful, including using
other cell types such as pre-adipocytic cell lines.
As discussed, no differences were detected in proliferation with our MTT results between
knock down/overexpressed cells compare to negative controls, which is not in agreement
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with those from previous studies (Kim, Shin et al. 2014). Direct cell counting, Colonyforming unit (CFU) assay and DNA synthesis might be better approaches to test the
proliferation rate of MSCs rather than using MTT alone in future studies.
The studies described in this thesis were not able to be extended to investigating
potential target genes that mi-R302 may regulate. This could be done in future studies
firstly by predicting potential mRNAs which can be targeted by miR-302 using
computational software such as TargetScan or by testing potential target genes form
previous studies. Such an approach typically may identify many possible target genes
which can be narrowed down using an alternative software programme.

Possible

candidate genes can thus be identified and tested further by a range of different methods,
including measuring potential target gene mRNA following a functional activity assay with
transfection of MSCs with miR-302 mimic and miR-302 inhibitors.

Secondly, dual

luciferase reporter assays may provide definitive evidence of direct miRNA-mRNA
interactions. Finally, the effects of inhibition of the target mRNA by gene silencing using
RNAi may provide further evidence of the role of specific target genes.
miR-302 members appear to have a range of different functions when targeting various
mRNAs. For instance, it has been reported that NR2F2 (COUP-TFII) is one of the miR302 targets that is reduced by miR-302 during reprogramming which in turn inhibits
expression of the transcription factor OCT4 and promotes pluripotency. Interestingly the
same loop of miR-302/NR2F2/OCT4 can act as a regulatory mechanism maintaining
hESC pluripotency (Rosa and Brivanlou 2011, Hu, Wilson et al. 2013). A study has also
shown that miR-302 stimulates osteogenesis of MC3T3-E1 cells by targeting COUP-TFII
which is in contrast to the findings here (Kang, Jeong et al. 2014). Therefore, NR2F2
(COUP-TFII) is a transcription factor that is targeted by miR-302 and regulates different
functions in different cells. NR2F2 is thus a potential target which may be relevant to our
results. However, as the results here show a specific effect on inhibiting osteogenesis
with no corresponding effects on adipogenesis, our results suggest a target mRNA which
inhibits osteogenesis specifically rather than simply maintaining stemness itself, which
NR2F2 appears to do in other stem cells.
NANOG has also been shown to be regulated by miR-302 and promotes full
reprogramming in those iPSCs which are in partially reprogrammed states (Lee, Prasain
et al. 2013). As mentioned previously, miR-302a acts as a tumour suppressor in cancer
cells. Previous studies in head and neck squamous cell carcinoma, have reported that
miR-302 inhibitor increased the expression of AOF1/AOF2 and DNMT1 via Oct4-Sox2Nanog signalling pathway (Bourguignon, Wong et al. 2012). Also, miR-302a acts in colon
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and prostate cancer by inhibiting the AKT pathway (Sun, Zhang et al. 2014, Zhang, Hong
et al. 2015). Moreover, there is report showing that miR-302 promotes differentiation of
human pluripotent stem cells and inhibits teratoma formation by targeting AKT1/OCT4
(Li, Wei et al. 2016). Taken these studies results, it can be said that AKT, NANOG and
OCT4 are other miR-302 targets which result in variable functions. There are a number
of other targets that have been reported for this miRNA family. For example, type II BMP
receptor (BMPRII) is a miR-302 target in the down regulation of BMP signalling in human
primary pulmonary artery smooth muscle cells (Kang, Louie et al. 2012). Therefore, the
possibility of engagement of other targets should be strongly considered when
investigating miR-302 targets in the control of osteogenesis of MSCs.
All of these studies are dependent on in vitro experiments which is an excellent way for
initial studies. However, it would be valuable to be able to demonstrate this activity in in
vivo models. Ultimately it may be possible to consider the development of miRNAs for
therapeutic use, and perhaps use of miR-302 for bone regulation applications.

6.7. Conclusions
In conclusion, the studies in this thesis demonstrate that miR-302 can act as inhibitor of
osteoblastic differentiation in MSCs but appear to have no similar effect on adipocytic
differentiation. This novel finding adds to our understanding of the regulation of MSC fate
decisions and the role of miRNAs in the regulation of this process. In the future it may
help us to improve our knowledge regarding usage of miRNAs in bone regeneration.
However, future studies are required to identify the mRNA targets and the actual function
of miR-302 involvement in osteogenesis. In the longer term it is hoped these studies will
contribute to the development of clinical applications for bone regulation.
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Figure; qRT-PCR analysis of candidate miRNA expression during MSC differentiation into
osteoblasts. All the values were normalised to miRNA-103 and RUN6 and experiment carried out
in duplicate for four different MSC lines (MSC1, MSC2, MSC3, MSC4) for indicated time points
(day 0, 2, 7, 14 for MSC1 and day0, 2, 7, 14, 21 for MSC2 and MSC3 and day 0, 1, 2, 7, 14, 21
for MSC4). Data were calculated, using the ∆∆Ct method and expressed as fold change of relative
expression based on day 0 for each group. Error bars indicate Standard Deviation.
A: miR-26a, B: miR-206, C: miR-7, D: miR-21, E: miR-424, F: miR-218, G: miR-99a.
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Figure; qRT-PCR analysis of candidate miRNA expression during MSC differentiation into
adipocyte. All the values were normalised to miRNA-103 and RUN6 and experiment carried out
in duplicate for four different MSC lines (MSC1, MSC3, MSC4) for indicated time points (day 0,1,
2, 7, 14, 21). Data were calculated, using the ∆∆Ct method and expressed as fold change of
relative expression based on day 0 for each group. Error bars indicate Standard Deviation.
A: miR-204, B: miR-143, C: miR-7, D: miR-21, E: miR-424, F: miR-218, G: miR-99a
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OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
B

2.682
1.6496
1.9008
1.5939
2.6814
1.3368
0.3036
0.805
0.908
0.6217

OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
B

hsa-miR-210-3p

11.5475

OKAY

15.9536

OKAY

5.0612

OKAY

hsa-miR-223-3p

0.8844

OKAY

0.5052

A

1.7476

OKAY

hsa-let-7a-5p

2.1595

OKAY

2.9893

OKAY

3.0967

OKAY

hsa-miR-518b
hsa-miR-194-5p
hsa-miR-218-5p
hsa-let-7d-5p
hsa-miR-205-5p
hsa-miR-10b-5p
hsa-miR-185-5p

0.9335
0.4594
1.6752
1.2131
0.8017
0.5634
0.4788

B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

1.4942
0.8266
1.3643
1.9207
1.0838
0.4971
0.862

C
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

2.4455
0.8614
1.0952
2.1421
3.5682
1.1785
0.7674

B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

hsa-miR-133b

2.9789

A

0.0608

B

1.5725

A

hsa-miR-520g-3p
hsa-miR-33a-5p
hsa-miR-124-3p

0.2089
3.1914
0.7758

B
OKAY
OKAY

0.694
1.6787
0.7278

B
OKAY
A

0.8958
2.3768
1.5549

B
OKAY
OKAY

hsa-miR-208a-3p

0.4048

B

0.3698

B

0.495

B

hsa-miR-142-5p
hsa-miR-150-5p
hsa-miR-128-3p

1.4352
0.5219
0.6508

A
OKAY
OKAY

1.3794
0.7088
1.5745

B
A
OKAY

1.8846
0.4234
1.2401

A
A
OKAY

hsa-miR-15b-5p

5.9795

OKAY

2.4332

OKAY

5.4058

OKAY

hsa-miR-130a-3p
hsa-miR-127-5p
hsa-miR-498

1.4499
0.9799
0.9934

OKAY
OKAY
B

1.0901
1.6038
1.4942

OKAY
OKAY
C

1.6475
1.3789
1.0243

OKAY
OKAY
C

hsa-let-7b-5p
hsa-miR-302c-3p

7.2071
0.3344

OKAY
OKAY

15.8782
0.0484

OKAY
A

15.3593
0.0157

OKAY
A

hsa-miR-219a-5p
hsa-let-7g-5p
hsa-miR-375
hsa-miR-7-5p

0.868
0.8993
0.3472
0.6211

OKAY
OKAY
OKAY
OKAY

1.1421
0.767
0.5819
0.5621

OKAY
OKAY
OKAY
OKAY

2.0246
0.9172
0.1695
0.877

OKAY
OKAY
OKAY
OKAY

hsa-miR-146a-5p

0.0865

OKAY

0.0677

OKAY

0.0444

OKAY

hsa-miR-142-3p
cel-miR-39-3p
cel-miR-39-3p
SNORD61
SNORD68
SNORD72
SNORD95
SNORD96A
RNU6-2
miRTC
miRTC
PPC
PPC

3.0483
0.664
0.6815
1.3649
0.7939
1.0962
0.9236
1.1472
1.0845
0.6286
0.5858
0.3572
0.6726

OKAY
B
B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

0.8817
0.5336
0.3558
1.2556
0.8396
0.8417
0.9714
1.2764
1.1413
1.38
1.3185
0.8235
0.9191

OKAY
B
B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

3.7194
2.4765
0.1941
0
0.8238
1.0742
0.8386
1.1158
1.2077
1.0086
0.7104
0.3235
0.9088

OKAY
B
B
A
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
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Position

Mature ID

A01
A02
A03
A04
A05
A06
A07
A08
A09
A10
A11
A12
B01
B02
B03
B04
B05
B06
B07
B08
B09
B10
B11
B12
C01
C02
C03
C04
C05
C06
C07
C08
C09
C10
C11
C12
D01
D02

hsa-miR-106b-5p
hsa-let-7e-5p

1.6649
1.0308

hsa-miR-20b-5p
hsa-miR-125a-5p
hsa-miR-125b-5p
hsa-miR-122-5p

D03
D04
D05
D06
D07
D08
D09
D10
D11
D12
E01
E02
E03
E04
E05
E06
E07
E08
E09
E10
E11
E12
F01
F02
F03
F04
F05
F06
F07
F08
F09
F10
F11
F12
G01
G02
G03
G04
G05
G06
G07
G08
G09
G10
G11
G12
H01
H02
H03
H04
H05
H06
H07
H08
H09
H10
H11
H12

hsa-miR-155-5p

Fold Change

Comments

Fold Change

OKAY
OKAY

0.8104
0.9498

2.0622

OKAY

1.3109
1.3563
0.7573

OKAY
OKAY
A

Comments

Fold Change

Comments

OKAY
OKAY

2.1096
0.9293

OKAY
OKAY

0.4788

OKAY

1.5548

OKAY

0.3874
0.5284
0.6815

OKAY
OKAY
OKAY

0.4355
0.8034
0.4267

OKAY
OKAY
A

3.86

OKAY

2.6117

OKAY

4.9328

OKAY

hsa-miR-126-3p
hsa-miR-22-3p
hsa-miR-92a-3p
hsa-miR-141-3p

1.1728
1.233
1.9898
1.3016

OKAY
OKAY
OKAY
B

2.5617
0.8124
1.455
1.8422

OKAY
OKAY
OKAY
A

1.7589
1.0257
4.3661
2.0672

OKAY
OKAY
OKAY
A

hsa-miR-378a-3p

7.1946

A

2.8563

A

3.2572

A

hsa-miR-10a-5p
hsa-miR-182-5p
hsa-miR-302a-3p
hsa-miR-93-5p
hsa-miR-1
hsa-miR-181a-5p
hsa-miR-146b-5p
hsa-let-7f-5p

3.2126
1.6774
0.4062
0.9039
0.2607
0.6718
3.1617
1.7013

OKAY
B
B
OKAY
OKAY
OKAY
OKAY
OKAY

1.6588
1.2188
1.8525
0.7999
0.9424
0.6329
1.3722
0.9971

OKAY
B
A
OKAY
OKAY
OKAY
OKAY
OKAY

4.1662
1.0052
0.5198
0.8916
2.5657
0.4214
1.5641
1.157

OKAY
B
B
OKAY
OKAY
OKAY
OKAY
OKAY

hsa-miR-196a-5p

3.8452

OKAY

0.4871

OKAY

1.0784

OKAY

hsa-miR-301a-3p
hsa-miR-488-3p
hsa-miR-215-5p
hsa-miR-24-3p
hsa-miR-192-5p
hsa-miR-18a-5p
hsa-miR-100-5p
hsa-miR-9-5p
hsa-miR-137
hsa-miR-15a-5p
hsa-miR-134-5p
hsa-miR-103a-3p
hsa-miR-424-5p
hsa-miR-20a-5p
hsa-let-7i-5p
hsa-miR-222-3p

1.0098
1.9795
0.8185
1.0946
1.3523
1.6922
1.7702
1.6287
1.2524
1.6148
0.9158
1.2645
1.5717
3.0815
1.1627
1.1809

OKAY
B
B
OKAY
OKAY
OKAY
OKAY
B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

0.6724
0.4136
0.6505
0.8678
1.0028
0.8565
2.6652
1.9855
1.2647
1.0969
0.961
0.8571
0.9381
1.2175
1.1002
0.877

OKAY
B
B
OKAY
OKAY
OKAY
OKAY
A
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

0.8699
0.5578
0.5399
0.7938
0.8546
1.4686
1.2563
1.3748
0.9364
1.2835
0.6797
0.7404
1.227
1.3422
0.9949
0.9218

OKAY
C
B
OKAY
OKAY
OKAY
OKAY
B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

hsa-miR-99a-5p
hsa-miR-206

4.4439
0.2513

OKAY
B

3.8173
0.1675

OKAY
B

2.8756
0.4451

OKAY
B

hsa-miR-195-5p
hsa-miR-132-3p
hsa-miR-16-5p
hsa-miR-23b-3p
hsa-miR-214-3p
hsa-miR-21-5p
hsa-miR-18b-5p
hsa-miR-345-5p
hsa-let-7c-5p
hsa-miR-26a-5p
hsa-miR-101-3p
hsa-miR-17-5p
hsa-miR-129-5p

1.4368
1.0403
1.8526
1.3422
2.3876
2.091
0.9315
1.822
1.0603
2.4778
2.3289
1.6885
1.4343

OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
A

0.8005
0.72
1.0064
0.7227
0.7615
0.8325
1.0283
0.7279
1.1571
1.0972
1.1682
1.1573
0.7679

OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
A

0.8574
0.7541
1.2504
0.6144
1.5317
1.256
0.7811
1.3144
0.8283
1.4344
1.458
1.4544
0.938

OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
A

hsa-miR-96-5p
hsa-miR-183-5p

0.0951
0.335

B
B

0.1657
0.4216

B
B

0.3426
0.2154

B
B

hsa-miR-210-3p
hsa-miR-223-3p
hsa-let-7a-5p
hsa-miR-518b
hsa-miR-194-5p
hsa-miR-218-5p
hsa-let-7d-5p
hsa-miR-205-5p
hsa-miR-10b-5p
hsa-miR-185-5p

1.0072
0.0892
1.1264
0.8678
2.0382
2.6575
0.9909
1.4196
3.2783
2.026

OKAY
B
OKAY
C
OKAY
OKAY
OKAY
B
OKAY
OKAY

0.5815
0.5785
0.9415
0.3833
1.1515
1.9674
0.9186
1.4204
1.5474
1.656

OKAY
B
OKAY
C
OKAY
OKAY
OKAY
B
OKAY
OKAY

0.7558
0.3801
1.0821
0.5578
0.8687
2.0109
0.697
1.0546
2.6276
1.2907

OKAY
B
OKAY
C
OKAY
OKAY
OKAY
B
OKAY
OKAY

hsa-miR-133b
hsa-miR-520g-3p

0.3705
0.2779

B
B

1.416
0.3858

A
B

3.4742
0.1787

A
B

hsa-miR-33a-5p

0.6499

OKAY

0.7984

OKAY

0.9547

OKAY

hsa-miR-124-3p

0.3651

B

0.4387

B

0.4761

B

hsa-miR-208a-3p

0.8678

C

0.8351

B

0.8827

B

hsa-miR-142-5p

0.3059

B

1.8362

A

2.1431

A

hsa-miR-150-5p
hsa-miR-128-3p
hsa-miR-15b-5p
hsa-miR-130a-3p
hsa-miR-127-5p
hsa-miR-498
hsa-let-7b-5p
hsa-miR-302c-3p
hsa-miR-219a-5p
hsa-let-7g-5p
hsa-miR-375
hsa-miR-7-5p
hsa-miR-146a-5p
hsa-miR-142-3p
cel-miR-39-3p
cel-miR-39-3p
SNORD61
SNORD68
SNORD72
SNORD95
SNORD96A
RNU6-2
miRTC
miRTC
PPC
PPC

1.4266
1.7643
1.1143
0.8593
0.8738
1.0118
1.1465
0.5948
1.6298
1.7819
0.7534
1.0392
14.529
0.9828
0.9507
0.8678
1.4349
0.5331
0.7728
1.2819
0.8587
1.5369
0.7477
0.7729
0.854
0.641

B
OKAY
OKAY
OKAY
OKAY
B
OKAY
B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
B
C
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

0.8361
1.5314
0.8659
0.371
0.8405
1.259
1.0655
1.1221
1.1471
0.9045
0.4485
1.4397
1.9542
1.8364
1.281
1.3625
1.1027
0.6446
0.6992
1.3526
0.9361
1.5889
0.3639
0.424
0.4174
0.2653

B
OKAY
OKAY
OKAY
OKAY
B
OKAY
B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
B
B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY

1.7573
0.9026
0.9397
0.7387
0.9142
0.5578
0.7713
0.6817
1.3741
0.9358
0.7832
1.061
1.9359
0.6892
0.4642
1.6219
1.2481
0.829
1.0518
0.8254
0.7762
1.4342
0.5589
0.5606
0.6836
0.4232

B
OKAY
OKAY
OKAY
OKAY
C
OKAY
B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
B
B
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
OKAY
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Table; miRNA expression from 2 different PCR arrays, using clonally derived MSCs. All the
values were normalised to the reference genes (C. elegans miR-39 miScript Primer Assay, 3
sno/snRNA miScript PCR Control (SNORD61/95/96A), miRTC miScript Primer Assay and
positive PCR control (PPC)). Data were calculated, using ∆∆Ct method and expressed as fold
change.
Group 1: osteogenic single colony Group 2: adipogenic single colony Group 3: osteo/adipogenic
single colony
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