The Potential of a Selective Histone Deacetylase Inhibitor

MI192 for Bone Tissue Engineering

Kein Lon Man

Submitted in accordance with the requirements for the degree of

Doctor of Philosophy

The University of Leeds

School of Mechanical Engineering

May 2019



The candidate confirms that the work submitted is his own and that appropriate credit has been

given where reference has been made to the work of others.

This copy has been supplied on the understanding that it is copyright material and that no quotation

from the thesis may be published without proper acknowledgement.

© 2019 The University of Leeds and Kein Lon Man



Acknowledgements

First and foremost, | would like to thank my supervisor Dr Xuebin Yang for his tremendous support,
advice and encouragement throughout my PhD. You have been a fantastic mentor, from which |

have learnt a great deal. | would also like to thank my secondary supervisors for their contribution.

| would like to acknowledge the EPSRC Centre of Doctoral Training in Tissue Engineering and
Regenerative Medicine (CDT TERM) for providing me with the opportunity to pursue my research
interests within this field. It is also thanks to the funding provided by the CDT TERM | could attend
numerous international research conferences and partake in a collaborative research visit within the
CReaTE group, at the University of Otago, New Zealand. | am grateful for Dr Tim Woodfield and Dr

Khoon Lim for hosting me within the CReaTE group and for their continued support in my research.

| am thankful to my friends outside of work, who supported me throughout this journey and
reminded me of life outside of the lab. Special thanks to Rina for the support and advice she
provided daily and for keeping me sane in the lab. Additionally, | would like to thank Rasha, Fahad

and Lizzie for their help and support during my research.

| am eternally grateful for the continuous love and support my family have provided me during my
PhD. | would like to thank my parents for instilling me with the determination and drive to undertake

this challenge.

Finally, to Vivi, | am forever grateful for the love, patience, encouragement, understanding and

support you have given me every day, without which none of this would have been possible.



Abstract

For functional tissue engineering, it is key to effectively control the lineage-specific differentiation of
mesenchymal stromal cells (MSCs). Epigenetic approaches such as the inhibition of histone
deacetylase (HDAC) enzymes have been shown to control MSCs fate, with HDAC3 isoform closely
linked to osteogenic differentiation. Therefore, the research presented in this thesis aims to
investigate the effects of the novel selective HDAC2 and 3 inhibitor - MI192 on the behaviour and
osteogenic capacity of clinically relevant MSCs (hDPSCs and hBMSCs), to enhance their efficacy for
bone augmentation strategies. In monolayer culture, a time-dose dependent decrease in MSCs
viability was observed following MI1192 treatment. MI192 halted cell cycle progression of MSCs in
the G,/M phase. MSCs HDAC activity was inhibited upon MI1192 treatment, resulting in an increase in
H3K9 histone acetylation. Alkaline Phosphatase Specific Activity (ALPSA) was significantly increased
in hDPSCs and hBMSCs following a pre-treatment strategy of 2 and 50 uM MI192 for 48 hours,
respectively. Using these conditions, it was demonstrated that MI1192 pre-treatment increased MSCs
osteoblast-related gene/protein expression throughout osteogenic culture (Runx2, ALP, BMP2, Colla
and OCN) and enhanced calcium deposition/extracellular matrix mineralisation. MI1192 pre-
treatment enhanced hDPSCs ALPSA, osteoblast-related gene expression (RUNX2, ALP, BMP2, COL1A
and OCN), extracellular matrix protein deposition (ALP, Colla, OCN) and calcium
deposition/mineralisation within the lyophilised Bombyx Mori silk scaffold and the bioassembled
microtissue (BMT) construct (microtissues and 3D printed PEGT/PBT scaffold). However,
substantially increased bone-like tissue formation induced by MI192 was observed within the BMT
model. Similarly, MI192 pre-treatment enhanced hBMSCs osteogenic capacity (ALPSA, extracellular
matrix protein expression and calcium deposition/mineralisation) within the GelMA hydrogel
(GelMA alone and GelMA-PEGT/PBT construct) and BMT model. However, the bone-like tissue
formation induced by MI192 pre-treatment was substantially enhanced within the BMT construct.
After intraperitoneal implantation within CD1 nude mice using diffusion chambers, the MI1192 pre-
treated MSCs within the BMT construct exhibited increased extracellular matrix protein expression
and calcium deposition/mineralisation, while inhibited the expression of chondrogenic proteins.
Together, the findings presented in this thesis demonstrated that the selective HDAC2 & 3 inhibitor -
MI192 promotes the in vitro and in vivo osteogenic capacity of MSCs acquired from human bone
marrow and dental pulp tissues, indicating the potential of using epigenetic approaches to enhance

MSCs efficacy for bone augmentation strategies.
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Chapter 1 - Literature Review

This chapter aims to review the appropriate literature relevant to the research presented in this
thesis. This review provides an introduction in the field of epigenetics and the role histone
deacetylase enzymes have in the body. Manipulation of epigenetics through the use of HDAC
inhibitor compounds are introduced, with their design, mechanism of action and current use
discussed. Finally, the potential of using these compounds for bone tissue engineering applications is

also evaluated.

1.1 - Background

The continuously growing ageing population suffers from bone damage caused by traumatic injury,
tumour resection, congenital defects or common age-associated diseases such as osteoporosis. Bone
tissue has the intrinsic ability to regenerate, however critical-sized bone defects, spanning in excess
of 20% of the bones length, cannot self-repair and can result in permanent defects (1). These defects
often lead to a loss of tissue functionality and therefore requires surgical intervention (2). Annually,
the combined health and social care cost for hip fractures alone in the UK is £2.3 billion (3),
representing an enormous socioeconomic burden on society. Thus, the ability to generate new bone
is still a major unmet clinical need. Alarmingly, this is expected to rise in the future, due to increasing

life expectancy with the demand for continued quality of life in the older years.

Current clinical therapies such as autografts have been seen as the "gold standard" for many years
as they are osteoconductive, osteoinductive and osteogenic (4-6). However, these procedures are
highly invasive, limited by tissue availability and possess an increased risk of donor site morbidity (7,
8). Allografts are also associated with various limitations such as a high risk of immunogenicity,
disease transmission, lacking both vascularisation and osteogenicity and are associated with
increased costs (9, 10). Due to these various limitations, new approaches to regenerate damaged or
diseased tissues are greatly needed. Within the tissue engineering and regenerative medicine field,
extensive research has looked to develop alternative methods of producing bone tissue to meet the

ever-increasing clinical need.

Tissue engineering comprises of four key elements: cells, growth factors, scaffolds and
environmental/mechanical stimulation (11, 12). Stem/stromal cells are the key cell source used in
tissue engineering applications, where they are directed to differentiate into the lineage required to
produce functional tissue. The key for bone tissue engineering strategies is to effectively control the
lineage-specific differentiation of stem cells into bone-forming cells (13). In recent years,

technologies such as induced pluripotent stem cells (iPSC) and gene therapy have been utilised to



enhance the osteogenic capacity of cells, fostering much excitement within the field (14). However,
due to the risks of random integration of reprogramming transgenes, such as Oct4, Sox2, KIf4 and c-
Myc into the host genome, the low process efficacy and the potential risk of virally induced
tumourigenicity, alternative methods have been developed to generate pluripotent cells using non-
integrating systems, albeit with limited success (15). Due to these drawbacks, alternative safer
methods of controlling stem cell osteogenic differentiation have been investigated, such as altering

their epigenetics.

It has become increasingly apparent that epigenetics plays a significant role in regulating cellular
fate. Specifically, researchers have discovered that post-translational modifications to histone
proteins, such as the activity of histone deacetylase (HDAC) enzymes, result in alterations in
chromatin structure and ultimately affect stem cells properties, such as potency and differentiation
potential (16). The majority of research has focused on utilising compounds that modify histone
proteins for the treatment of various cancers. The US Food and Drug Administration (FDA) has
approved four histone deacetylase inhibitors, Vorinostat, Romidepsin, Belinostat and Panobinostat

for cancer therapy (17-19).

Since then, the focus of research has extended from the cancer therapeutics arena as researchers
are beginning to investigate the effects of these compounds in other areas such as in inflammatory
diseases, HIV therapeutics and prevention of cardiac diseases (20-22). In recent years, researchers
have combined these epigenetics-modifying compounds with stem cells to improve their efficacy for
tissue engineering applications, with particular potential being demonstrated within the bone tissue

engineering field (23).

1.2 - Basic bone structure and physiology

The primary functions of bone tissue are to - 1) provide protection and support in the body, via
supporting surrounding soft tissues such as tendons, ligaments and muscles; 2) retain a deposit of
minerals essential for bone tissue homeostatic roles; 3) support the movement of the body allowing
articulation at the joints; and 4) store bone marrow which is involved in the repair and regeneration
of other tissues (24, 25). In the human body, bone tissue is a type of dense mineralised connective
tissue, which can be divided as cortical and cancellous bones according to their mechanical

properties and structure.

In a typical long bone such as the femur (Fig 1.1), the exterior regions are composed of cortical bone,
where approximately 80 - 90% is mineralised providing the majority of the mechanical strength (26).

Cortical bone possesses a compressive stiffness and strength of 12 - 20 GPa and 100 - 230 MPa,



respectively. Cancellous bone is mainly located in the internal and epiphysis regions possessing
stiffness and strength of 0.2 - 0.8 GPa and 2 - 12 MPa, respectively (27). The natural composition of
bone consists largely of collagen (20%), hydroxycarbonate apatite/calcium phosphate (69%) and
water (9%), with proteins, polysaccharides and lipids present in low quantities (28). The primary
function of cortical bone is to provide mechanical support, while the cancellous regions are involved
in the metabolic activity of bone tissue. In natural conditions, bone tissue has the intrinsic
regenerative capacity in response to injury as well as in skeletal development and remodelling

during adulthood (4, 29).

<uime—— Articular cartilage
: X ‘\""r'&fl)‘.
Proximal AR ) . .
epiphysis } Epiphysealline
Metaphysis Spongy bone
Periosteum
Y Endosteum
Compactbone
‘ 1 Medullary cavity
Diaphysis \
b L

Nutrient vessel

Metaphysis ‘
AN
6’ 3

Distal €
epiphysis =

= Articular cartilage

A\

Figure 1.1 - Structure of long bone. The femur is a typical long bone in the body, possessing both the

cortical and cancellous bone regions. Adapted from (30).

1.2.1 - Cellular constituents of bone

Mesenchymal stem/stromal cells (MSCs) are a subpopulation of stem cells that reside within the
bone marrow and are responsible for giving rise to all cells of the mesoderm lineage (31). These
MSCs are able to differentiate along the osteogenic lineage to generate cells responsible for
modulating bone formation such as osteoblasts and osteocytes (32). The two key cells responsible
for controlling bone remodelling are osteoblasts and osteoclasts (Fig 1.2). Osteoblasts are heavily
involved in bone formation, where these cells produce a woven matrix called osteoid, consisting

mainly of collagen type | and non-collagenous proteins such as osteonectin, osteopontin and



osteocalcin (OCN) which form the organic matrix (33). Following which the osteoid in mineralised by
the nucleation of calcium and phosphate ions, forming the hydroxyapatite crystals within the matrix
(34). On the other hand, osteoclasts are terminally differentiated multinucleated cell, responsible for
resorbing the osteoid allowing bone tissue remodelling that is dictated by the direction of
mechanical loading applied to bone (35). Dysregulation in the balance of bone remodelling can lead

to bone diseases such as osteoporosis (36).
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Figure 1.2 - Histological staining of osteoblast (A) and osteoclast (B) (PC3 luciferase 2) in mouse
bone. (A) Alkaline phosphatase staining of osteoblasts (black arrows). (B) Tartrate-resistant acid
phosphatase staining of osteoclasts (black arrows) induced by PC3 tumour cells (author generated

these images/stained sections). Scale bar= 20 pm.

1.2.2 - Bone formation

Bone tissue forms via the process of endochondral and intramembrane ossification (Fig 1.3). Flat
bones such as the Sternum form via the intramembrane ossification process, where mesenchymal
progenitor cells differentiate directly into osteoblasts. This process is initiated by key osteogenic
transcription factors, such as Runx2, and is influenced largely by the Wnt signalling pathway (37).
Long bones form via the endochondral ossification, where there is an intermediary cartilage
template phase before the formation of bone tissue (38). The cells vital in initiating this process are
MSCs which have the potential to differentiate into the key cells involved in bone formation, such as
chondrocytes and osteoblasts. These bone formation processes are tightly regulated by several
growth factors and complex signalling pathways, such as transforming growth factor beta (TGF-B),

bone morphogenetic protein (BMP) and the Wnt signalling pathway (38-40).

It is well known that many cellular processes maintain the homeostatic regulation of the intrinsic

chemical reactions that produce collagens, growth factors, hormones, and other extracellular matrix



proteins that are characteristic of bone tissue (41); however, it is the underlying deoxyribonucleic

acid (DNA) which provides the genomic information for all of these processes to occur.
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Figure 1.3 - Bone formation processes. Intramembranous ossification is the process in which
mesenchymal progenitor cells directly differentiate to osteoblasts to form bone tissue.
Endochondral ossification is the more indirect process, where condensation of mesenchymal

progenitors creates a cartilaginous template for future bone formation.
1.3 - DNA structure: Organization of the genetic material into chromatin

The DNA molecule consists of two polynucleotide chains that are composed of four nucleotide
subunits: adenine, guanine, cytosine and thymine (42). These nucleotides complementarily bind
together to form the double helical 3D structure of the DNA. Due to the extensive size of the entire
DNA molecule within each cell, DNA must be packaged with the use of specialised proteins called
histones which bind and fold the DNA, packaging it into further assembly levels. This supercoiling of
DNA allows for the processes such as DNA transcription, replication and damage repair to occur (43).
These structures could be further packaged into chromatin, nucleosome-core particles,

nucleosomes, and then chromosomes that are stored within the cell nucleus (Fig 1.4).
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Figure 1.4 - Chromatin Hierarchical Structure. Chromatin has three organizational levels: DNA wraps
around the histone proteins to form nucleosomes; these in turn couple to become the 30 nm
chromatin fibre; supercoiling of the chromatin fibre produced the chromosome. Adapted with

permission (44).

The nucleosome core particle consists of DNA of approximately 146 base pairs coiled 1.7 times
around the histone complex containing an octamer of proteins, creating nucleosomes which are the
fundamental molecular units of the chromatin (Fig 1.5) (45). The histone proteins form the octamer
consisting of 2 copies of four highly conserved proteins: H2A, H2B, H3 and H4 (46). Each histone
protein possesses a flexible amino-terminal tail domain that projects from the nucleosome core, and
a histone fold domain which mediates histone-histone and DNA-histone interactions essential for

nucleosome core assembly (47).

During the packaging process, histone proteins play a key role. This is due to the high abundance of
positively charged amino acid residues on the histone protein tails, which allows for ionic
interactions with the negatively charged regions of DNA, this accounts for the ease with which they
are able to remodel the DNA structure. The underlying DNA sequence in all somatic cells are the
same, however, the functionality of each cell differs drastically, due to the tightly regulated control
of the expression of certain genes. A process which regulates the cells gene expression is the post-

translational modification of the chromatin structure via epigenetics.
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DNA (blue) which wraps around the four core histone proteins that form the histone octamer
protein complex: H2A (turquoise), H2B (green), H3 (yellow) and H4 (pink). C-terminal tails of the H2A

proteins protrude from the centre of the nucleosome core. Reprinted with permission (45, 48).
1.4 - Epigenetic modifications

Epigenetics is the study of dynamic alterations in the transcriptional potential of the cell without
altering the DNA sequence, via the process of post-translational modifications such as
addition/removal of acetyl, methyl, and other chemical groups on DNA, histones and other DNA
associated proteins. Other epigenetic modifications that occur to the DNA include ubiquitination,
phosphorylation, sumoylation, citrullination and adenosine diphosphate ribosylation (49).
Harnessing epigenetic approaches provides an alternative to the use of iPSCs or gene therapy for
tissue engineering applications as it eliminates the increased risk of teratoma formation with those
technologies (50). Various studies have demonstrated the influence of external environmental
factors, such as infection, smoking, alcohol consumption and diet, in altering the extent of post-
translational modifications, (51-54). However, the exact mechanisms by which they affect the DNA
remains relatively unclear. Post-translational modifications are of particular interest to researchers
in the medical field, as the cells' epigenome is the key influencer for human development and

several disease states, including inflammatory diseases (55) and cancers (56). Acquiring a clearer



understanding of the effects of epigenetics may lead to the development of novel therapeutics.
Researchers have identified a variety of post-translational modifications that occur to the DNA, with

acetylation being one of the most abundant.

1.4.1 - Acetylation

An important epigenetic modification is the addition and removal of an acetyl group, a process
called acetylation and deacetylation, respectively. These modifications occur at lysine residues on
the chromatin’s histone tail. Genome-wide analysis has shown that acetylation is one of the most
abundant post-translational modifications that occur within the cell (57, 58). The addition of the
acetyl groups neutralises the positive charge of the histone tail, which results in the weakening of
the electrostatic interactions between the anionic DNA and nucleosomes, leading to much more
open chromatin structure (59). Moreover, acetylation prevents further post-translational

modifications, essentially blocking additional epigenetic modifications from occurring (60).

A number of important acetylation sites are involved in regulating the conformational change in the
chromatin structure, such as Lys9, Lys14, Lys27 (histone 3) and Lys5, Lys8, Lys12 and Lys16 (histone
4) (61, 62). There are three mechanisms in which acetylation of the histones regulates
transcriptional potential of the chromatin. Acetylation of the histone tail provides a docking site for
the binding of additional regulatory proteins responsible for assessing the level of acetylation
potentially mediating transcription, and therefore these enzymes act as co-activators and co-
repressors (63, 64). In addition, epigenetic modifications to the histone amino-terminal domains by
processes such as acetylation and methylation result in generating either synergistic or antagonistic
interactions for chromatin-associated proteins to regulate the transition between the open and
condensed chromatin structures (65). Finally, acetylation of certain lysine residues on the histone
amino-terminal tails results in the neutralisation of its positive charge leading to the relaxation of
the bonds between the DNA and the histone. The two enzymes responsible for controlling the

acetylation state of histones proteins are histone acetyltransferase (HAT) and HDAC.



1.4.2 - Histone acetyltransferase (HAT) and histone deacetylase (HDAC)

The homeostatic balance between the condensed and unfolded chromatin is maintained by HAT and
HDAC enzymes (66). Acetylation is mediated by HATs which transfers acetyl groups to the lysine

residues, while HDACs are responsible for the removal of these acetyl groups (Fig 1.6).
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Figure 1.6 - The process of acetylation and deacetylation. The enzymatic reaction of acetylation and

deacetylation is mediated by HAT and HDAC enzymes, respectively.

The HAT family are divided into two classes based on their cellular origin and function. Type A HATs
are located within the nucleus, where they are involved in regulating the expression of genes
through their acetylation activities to the histones, while type B HATs are found within the
cytoplasm and function to acetylate newly synthesised histones before transportation into the
nucleus (67). The overall acetylation state of histones is controlled by these enzymes via two
mechanisms. They can act in a non-specific, un-regulated fashion, over a broad genomic area, or
they can target specific sites of transcriptional activators/repressors which directly control the
actions of HDACs and HATs (58). Acetylation results in relaxation of the condensed chromatin
structure called heterochromatin, therefore reducing the DNAs affinity for the histones and creating
a much more open, transcriptionally active chromatin called euchromatin (68-70)(Fig 1.7). The
inhibitors of these HDAC enzymes, HDAC inhibitors (HDACis) target and block the active site,
therefore, blocking the deacetylation action of the zinc ions found within the active sites of HDAC
enzymes, leading to increased protein acetylation levels. The action of HDACis may affect the
chromatin conformational structure, which has been linked to the differentiation potential of stem

cells (58).
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Figure 1.7 - Schematic representation of the dynamic effects of HDAC/HAT on the nucleosome and
the conformation of the chromatin structure. The transference of acetyl groups onto the histone
lysine tail via HAT causes the opening of the chromatin structure, with HDAC activity reversing this

effect (71).

HDAC proteins play a key role in epigenetics and their inhibitor compounds have been explored in
clinical trials for cancer treatments due to the ability to inhibit the deacetylation activity linked to
tumour pathology, allowing the reactivation of tumour suppressor genes (72, 73). In addition, it has
been demonstrated that HDACi compounds have the potential to control stem cells differentiation
(66, 74), which could be a crucial component of tissue engineering approaches. Moreover, HDAC
inhibition has been utilised to increase the generation efficiency of iPSCs (75), in vitro expansion
methods of human hematopoietic stem cells (76), stem cell osteogenesis (74) and efficacy of cell-
based therapies. The acetylation/deacetylation activity of HATs and HDACs is not solely isolated to

histone proteins but also affects non-histone associated proteins.

10



1.4.3 - Acetylation of non-histone proteins

The amino acid lysine residues, the targets of HATs and HDACs, are not only found within histone
proteins but also in a variety of cellular proteins, demonstrating these enzymes have multiples non-

histone targets within the cell (77).

Numerous studies have shown that these enzymes have functions not related to histone proteins
(78, 79), such as the effect of HDAC1 on the tumour suppressor p53 and interactions of HDAC6 with
tubulin proteins (80). Deacetylation activity of non-histone proteins such as transcription factors and
DNA repair/replication proteins affect a large proportion of every cellular process by preventing
proper cellular function or by destabilising proteins (79, 81, 82). Choudhary et al. (2009) suggest that
non-histone proteins may comprise the majority of the HATs and HDACs substrates (83); therefore,
the large number of cellular targets will result in a wide range of cellular alterations via interactions

with HATs and HDAGC, indicating the importance of these enzymes (60, 66, 78, 84).

1.4.4 - HDAC isoforms

In the human body, 18 distinct HDAC genes encode for 18 enzymes, which differ in their structure
and activity. These enzymes are grouped into four classes based on their molecular phylogenetic
analysis of their primary structures and homology to yeast enzymes (85). These classes are further
split into two categories; classical (classes |, II, IV) and sirtuins (class Ill) (72, 85). The activity of both
categories of HDAC differs, where the classical HDAC are dependent on zinc ions, while the sirtuin
class of HDAC utilises nicotinamide adenine dinucleotide. Notably, the tissue expression profiles of
class I and Il HDAC enzymes differ where class | isoforms are expressed ubiquitously (86), while class
Il isoforms have a differential expression distribution, with higher levels detected in tissues such as
brains, heart, thymus, spleen, liver and kidney (87, 88). Different HDAC enzymes possess highly
specific functions; often several enzymes can function together, and some have overlapping
functions (89). While the physiological roles of each HDAC isoform are relatively unclear, studies
inhibiting individual isoforms have started to provide some insight into their function (58) (Table

1.1). These insights can be acquired through the analysis of HDAC structure.
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Table 1.1 - The localisation, tissue distribution and biological function of isoform-specific HDAC

enzymes. Adapted from (90, 91)

HDAC Localisation | Tlrc.sue' Cellular functions
distribution
Class 1
HDAC1 Nucleus Ubiquitous Transcription silencing, cell survival and proliferation,
DNA damage response, involved in osteogenic,
cartilage, adipogenic and epidermal development
HDAC2 Transcriptional silencing, regulation of cell cycle, DNA
damage response, involved in neuronal cell
development
HDAC3 Transcriptional silencing, cell survival and proliferation,
suppress osteogenic differentiation
HDACS8 Involved in embryonic craniofacial and skull bone
development, smooth muscle cell contractility
Class 2a
HDAC4 Nucleus/ Heart, Transcriptional silencing, chondrocyte and osteocyte
cytoplasm skeletal development, retinal protection, involved in neuronal
muscle, activity
HDAC5 brain Transcriptional silencing, myocardium and endothelial
functions
HDAC7 Transcriptional silencing, thymocyte differentiation,
osteoclast activity
HDAC9 Transcriptional silencing, role in the myocardium and
skeletal muscle
Class 2b
HDAC6 Mainly Heart, Tubulin-deacetylase regulates chaperones interactions,
cytoplasm platelet, microtubule function and aggresome function
pancreas,
HDAC10 kidney, Involved in regulating melanin production
spleen,
liver
Class 4
HDAC11 Nucleus/ Heart, Transcriptional silencing, immune regulation
cytoplasm skeletal
muscle,
brain,
kidney
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1.4.5 - HDAC structure and activity

Each HDAC isoform exhibits slight variations in their structural composition. Full structural data of
HDACs are limited as obtaining X-ray crystal structure are difficult. HDAC enzymes are typically
isolated via co-crystallation with a signalling molecule or an inhibitor, which gives an indication into
the function of these enzymes. At present, the structures of HDAC isoforms 1, 2, 3, 4, 7 and 8 have
been well characterised (92). Figure 1.8 shows a representation of a HDAC structure with the HDACi,
suberoylanilide hydroxamic acid (SAHA) bound to the zinc ions at the bottom of the catalytic pocket

of the active site (93).
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Figure 1.8 - A ‘space-filling’ representation of the HDACi compound SAHA bound into the HDAC

active site. The inhibitor SAHA binds into the catalytic pocket of a HDAC-like protein based from the

homologue found in Aquifex aeolicus. Adapted with permission (93).
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As illustrated in Fig 1.8, the active site of HDAC enzymes possesses three highly conserved regions:
an internal cavity, a zinc ion binding site and a long hydrophobic tunnel (88). The active site of the
HDAC enzyme consists of a sock-shaped tunnel roughly 11 A deep, which comprises approximately
390 amino acids. Within this cavity, the Zn?* ion is situated at the bottom of this catalytic pocket
(94). Lipophilic amino acids line the internal cavity of the active site giving a hydrophobic property.
The internal cavity spans 14 A long and is involved in accepting the cleaved acetate from the
deacetylation activity of the zinc ion (95). There are differences between HDAC classes in terms of
the pocket shape and residues; however, the catalytic zinc ion is common in all zinc-dependent

HDAC proteins (38).
1.5 - HDAC inhibitors
1.5.1 - Structure and activity

The influence of epigenetics in contributing to a variety of different phenotypes and disease
aetiologies has generated a growing interest in the mechanism by which HDACis can alter the
activity of HDAC enzymes. HDACis are small molecular compounds isolated from natural sources
such as Trichostatin A (TSA) or synthesised such as MS-275 (Fig 1.9A) (96). These inhibitors induce
the accumulation of both acetylated histone and non-histone proteins, resulting in alterations of the
histone structure. These alterations alter numerous key cellular functions, such as gene expression,

proliferation, migration and cell death (71).

These inhibitors are generally classified as short-chain fatty acids, hydroxamic acids, cyclic peptides
or benzamides. Zinc-dependent HDACis are divided into three segments which complement the
HDAC enzyme: a cap region, hydrophobic linker and a functional zinc binding moiety (Fig 1.9B) (97).
Hydroxamic acid-based HDACis contain the same linker and zinc bind region but possess differences

in the cap region (98).
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TSA Pan Inhibitor MI192 HDAC2 & 3
(Class 1, 2a, 2b, 4) (Class 1)
NaB Pan Inhibitor MS275 HDAC1, 2,3
(Class 1, 2a, 2b) (Class 1)
Largazole HDAC1, 2, 3 Vorinostat Pan Inhibitor
(Class 1) (SAHA) (Class 1, 2a, 2b, 4)
Romidepsin HDAC1 & 2 Panobinostat Pan Inhibitor
(Class 1) (Class1 & 2)
VPA HDAC1, 2, 3
(Class 1 & 2a)
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General structure of an HDAC inhibitor

Figure 1.9 - The general HDACi structure and their HDAC targets. (A) Natural and synthetic HDACi
and their HDAC targets. (B) Representation of the general structure of HDAC inhibitor. Adapted from
(99-101).

High levels of deacetylation activity can be observed in tumour pathology, which can repress the
expression of tumour suppressor genes, inhibit DNA repair, stimulate a halt in the cell cycle, and
induce apoptosis (72). Due to this link, HDACis have been primarily used for cancer therapeutics
(56). The FDA has approved four HDACis for cancer therapeutics: Romidepsin, Panobinostat,
Belinostat and Vorinostat (17) (18, 102) (Fig 1.9). In recent years, research utilising these HDACis
have expanded into other therapeutic areas, where HDACis have been identified as potential
therapeutic tools for diabetes (103), inflammatory diseases (104), arthritis (21) and tissue

engineering (23).

Inhibition of HDAC activity occurs when the HDACi inserts into the catalytic pocket, blocking the
active site, via the interaction of the two atoms of the HDACis hydroxamic region with the zinc ion in
the HDAC internal cavity, therefore preventing deacetylation (Fig 1.10). The aliphatic region of the
HDACi occupies the enzyme cavity, while the hydrophobic interactions increase the strength of
binding energy. The capping group of the inhibitor blocks access to the pocket, reducing the

potential for competitive binding. The structural differences between different HDAC isoforms are
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found within the entrance of the catalytic pocket. This is often the region of interest for researchers
when designing specific HDACis (105), and therefore the selectivity of HDACis is defined by the cap
region (106). The selectivity of HDACis is of great importance as it dictates how these compounds

are utilised.

Hydrophobic cap

Hydrophobic linker HDAC
Inhibitor

Zinc-binding group

Hydrophobic
channel

Zinc-binding site Internal cavity

|
HDAC catalytic
pocket

Figure 1.10 - Schematic representations of zinc-dependent HDAC inhibitor interacting with the
HDAC catalytic pocket. The HDAC enzyme possesses 3 highly conserved regions: an internal cavity, a
zinc-binding site and a hydrophobic channel. The zinc-dependent HDACi possesses 3 complementary
sections: zinc-binding group, hydrophobic linker and a hydrophobic cap. The HDACi inserts into the
catalytic pocket, where the zinc-binding group blocks deacetylation activity of the enzyme, while the

cap group of the HDACi prevents further competitive bindings.
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1.5.2 - Specificity of HDAC inhibitors

The majority of research has focused on non-specific (panHDACIs) targeting a broad spectrum of
HDAC isoforms (107). The first generation of HDACis such as SAHA and Romidepsin (17, 102), are
relatively unselective, therefore resulting in reduced efficacy due to the inhibition of unwanted
HDAC isoforms (108). The differences in the structure of HDAC isoforms allow for inhibitors to be
specifically designed to target selective enzymes which could be the key to developing future HDAC-

based therapeutics (107-109).

Several studies have shown that panHDACIis are effective drugs (17, 102). However, research has
started to shift away from this unselective approach and explore the use of isoform-specific HDACis.
Due to the plethora of potential targets for panHDACIs, it is difficult to elucidate their specific
mechanism of action which leads to the increased potential side-effects. It has been suggested that
the key to developing HDAC therapeutics is to target specific HDACs (107-109). The use of this
selective approach is likely to increase the efficacy of HDACis and reduce unwanted side-effects from

targeting unnecessary isoforms.

1.5.3 - The biological role of HDAC enzymes and the effects of HDACis

HDACi compounds were originally developed for cancer therapeutics, as these inhibitors target the
abnormal epigenetics found within cancerous cells. The reason why HDACis are advantageous
compared to conventional cancers therapies such as radio and chemotherapy is that these
compounds possess certain selectivity in the targeted killing of cancer cells over normal non-
transformed cells. HDACis have been shown to have a broad range of effects on both normal and
cancerous cells, such as cell cycle progression, proliferation, differentiation, gene expression and cell
death. To effectively utilise these epigenetic regulators for cell-based therapies, a greater

understanding of the effects these compounds have on the cells must be evaluated.

1.5.3.1 - Cell cycle

The cell cycle is the process where cells prepare to divide prior to entering proliferation and
differentiation. There are four main stages associated with this process: Gi, S, G2 and M phase. The
two gap phases, G; and G,, are where the cells monitor internal and external environments to
determine whether conditions are favourable to grow and divide and enter the S and M phases
(110). During this process, normal cells must pass regulatory checkpoints between the phases, which
when activated can halt cell cycle progression in cases such as if the DNA is damaged and requires

repair, preventing cells from passing on the damaged or mutated DNA to daughter cells (111). Cell

17



cycle regulation is essential as if the checkpoint becomes damaged, this may lead to uncontrolled
cell growth typical of cancerous cells. HDACi treatment on cancerous cells has been shown to halt
cell cycle progression at either G; or G, stages, allowing for the activation of the cell’s apoptotic
mechanisms (112). The effects of HDACis on normal cells are less pronounced compared to
cancerous cells, due to the intact cell cycle checkpoints (113). Numerous studies have shown that
HDACi treatment on normal cells can halt cell cycle progression (114, 115). The differential halting of

the cell cycle at certain stages may be due to the differential HDAC isoform inhibited.

The importance of specific HDAC isoforms on controlling cell cycle progression has been
investigated. HDACs have been shown to affect the cell cycle by deacetylating non-histone proteins
involved in regulating the cycle progression (114). HDAC1 has been shown to be heavily involved in
cell cycle regulation, where it interacts with the E2F family of proteins, shown to modulate cell cycle
progression, as this isoform deacetylates E2F1 which was previously acetylated by CBP and p300
HATs (77). HDAC1 knockout embryonic stem cells (ESCs) exhibited a reduced proliferation rate
attributed to increased levels of p21, the cyclin-dependent kinase inhibitor 1 (CDK1). The repression
of p21 is mediated by HDAC1 via deacetylating histones at the p21 promoter regions, resulting in the
suppression of p21 gene expression (116). Enhanced p27 expression was also observed in HDAC1
knockdown cells, which further exacerbates the suppression of proliferation (116). Deletion of both
HDAC1 and 2 led to enhanced G; cell cycle arrest, due to their regulation of both p21 and p57 genes,
which are essential in regulating the transition from the G; to S phase. HDAC3 has also been shown
to be involved in regulating cell cycle progression. This isoform has been reported to bind to the
promoter region of CCND1, the gene which encodes for cyclin D, responsible for G;/S phase
transition (117). HDAC3 activity has been shown to suppress the expression of CDKNI1A (p21),
leading to the halting of the cell cycle (118).

The effects of HDACis on cell cycle progression have also been investigated. In adult neural stem
cells, Jiang et al. (2014) showed that HDAC3 deletion caused defects in the progression through the
G,/M phase to the S phase of the cell cycle (119). Studies have demonstrated that HDAC enzymes
have an integral role in regulating the cells cycle, which was discussed earlier in this chapter,
therefore altering their activity with HDACis will result in inducing cell cycle arrest both in normal
and cancerous cells (120). The inhibitor Vorinostat has been shown to cause cell cycle arrest at both

G; and G,/M phases at high concentrations in T24 bladder carcinoma cells (121).
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1.5.3.2 - DNA damage

The acetylation of histone proteins induced by HDACi activity results in the opening of the chromatin
structure which may result in increased exposure of the DNA to mutations (122, 123). In addition, it
has been reported that HDACis have the ability to enhance the accumulation of reactive oxygen
species (ROS), which can induce DNA damage (122, 124). These inhibitor compounds have been
shown to inhibit numerous processes involved in the repair of DNA, such as down-regulating the
gene expression of DNA repair proteins including BRCA1, BRCA2, MRE11 and RAN51 (125, 126). Also,
HDACis have been shown to down-regulate the expression of the transcription factor E2F1, which is
known to promote key DNA repair proteins, therefore impairing the recruitment of these proteins to

repair foci (125, 126).

1.5.3.3 - Apoptosis

HDACi compounds were originally developed as an alternative cancer therapeutic approach due to
their ability to target the abnormal epigenetic genome of transformed cells. These inhibitors induced
cell death by stimulating both the intrinsic and extrinsic apoptotic pathways which both activate the
caspase cascades (91). The intrinsic pathway is stimulated by the disruption of the mitochondrial
membrane resulting in the release of several intermembrane proteins such as Smac, apoptosis-
inducing factor and cytochrome c and the activation of caspases (127, 128). HDACis can stimulate
the intrinsic apoptotic pathways by either activating pro-apoptotic factors or by suppressing anti-
apoptotic proteins. HDACi compounds have been shown to upregulate pro-apoptotic proteins of the
Bcl-2 family such as Bim, Bax and Bik, while inactivating anti-apoptotic proteins of the Bcl-2 family
including Bcl-2, Bcl-w and Mcl-1 (129). These compounds have also been shown to suppress the pro-

survival gene X-linked inhibitor of apoptosis expression (X/IAP) (91).

The induction of apoptosis by the extrinsic route occurs via the binding of death receptors such as
tumour necrosis factors (TNF) receptor-1, TNK-related apoptosis-inducing ligand receptor, Fas
receptor, by their respective ligands which results in the downstream activation of caspase 8 and
caspase 10 (130, 131). Both in vitro and in vivo, it has been demonstrated that HDACis are able to
upregulate the expression of both the death receptors and their ligands in transformed cells,
however, normal cells are unaffected (132, 133). The HDACi Romidepsin has been shown to down-
regulate an inhibitor of the death receptor pathway, C-FLIP, and enhance the expression of TNF-a. in
both K562 and HL-60 cells (134). These reports demonstrate the efficacy of HDACi therapies in

inducing the extrinsic apoptotic pathway in many transformed cells.
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1.5.3.4 - Redox pathways

Numerous studies have reported that HDACi treatment results in the accumulation of ROS within
transformed cells, but not in normal cells (127, 128, 135). HDACi selectivity is based on their
interactions with the thioredoxin reduction-oxidation system, responsible for responding to the
stress stimuli causing ROS to increase (135). During stress, the activity of thioredoxin increases
leading to the stimulation of ribonucleotide reductase, which acts as a scavenger of ROS (136, 137).
In normal cells upon HDACI treatment, thioredoxin levels increases, however, within transformed
cells, thioredoxin levels remain unchanged (135). Figure 1.11 shows an overview of the biological

effects HDACis can induce in both normal and transformed cells.
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Figure 1.11 - Summary of the biological effects HDACis in both normal and transformed cells. HDAC
enzymes are involved in numerous cellular processes critical to cell survival, migration, proliferation

and differentiation, therefore their inhibition with HDACis will dysregulate these processes.
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1.5.4 - Bone-associated HDAC isoforms

The roles of HDACis in osteoblast differentiation and maturation have been reported in the
literature (138, 139). The ability of these compounds to enhance the osteogenic capacity of cells is
not solely due to the effects on histone proteins, but also involves their interactions with non-
histone proteins such as key osteogenic transcription factors. There are several HDAC isoforms
which are proposed to be linked to osteoblast activity and HDAC3 is thought to be the most
intimately linked to bone formation (113, 140, 141). HDAC3 isoform has been shown to act as a co-
repressor for the transcription factor Runx2, which is thought to be the master transcription factor
directing osteogenic differentiation (140). Numerous studies have shown HDAC3 binds to Runx2, T-
cell factor, nuclear factor of activated T cells and zinc finger protein 521 (Zfp521), which results in
modulation of osteoblastic differentiation by silencing the expression of key osteogenic genes (142,
143). This interaction leads to the suppression of OCN production, a late marker of osteogenesis,

and the regulation of progenitors to differentiate into osteoblasts (140, 144, 145).

HDAC3 knockout studies in vivo have resulted in the reduction of osteoblast levels and an increase in
the fatty deposit within the bone marrow which caused serious complications in the animal’s health
(141). Singh et al. (2013) showed that HDAC3 deletion in mouse neural crest cells leads to
microcephaly, undetectable frontal bone formation and aberrant zygomatic arch formation (146).
Similarly, HDAC3 conditional knockout mice possessed reduced calvarial density and bone thickness,
where these calvarial cells expressed enhanced levels of cyclin-dependent kinase inhibitor p21 and
numerous inhibitors of the Wnt signalling pathway (141). Likewise, during osteoblast differentiation
HDAC1 is downregulated, suggesting its potential selective inhibition to stimulate osteogenesis

(147). In addition to HDAC4, HDAC5 and HDAC6 have shown to play a role in osteogenesis (37).

HDAC enzymes have been shown to exert their functions on osteogenic differentiation independent
from direct interaction with osteogenic transcription factors, via altering the transcriptional
permissiveness of the chromatin structure. During the differentiation of osteoblasts, the activity of
HDAC enzymes is reduced which results in the acetylation of both histone H3 and H4. Studies have
reported that acetylation of histone H3 and H4, where the OCN promoter is located, increased the
OCN production which is key for bone formation (148). These reports indicate that the process of
acetylation in certain regions of the histone proteins results in tissue-specific transcriptional
activation (148). Together, these studies suggest that HDACs play an essential role during osteoblast
differentiation both by their effects at the chromatin structural level and at the transcriptional level,
indicating that inhibition of these enzymes by HDACi compounds as a promising approach for

modulating MSCs osteogenesis.
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1.6 - Bone tissue engineering
1.6.1 - Clinical need and current approaches

Due to the ever-growing ageing population, there is an enormous clinical demand to regenerate or
repair damaged bone tissue. Tissue engineering provides a potential solution to the increasing
clinical demand and limitations of current “gold standard” treatments; however, to date, there has

been limited success in developing clinically relevant bone tissue for bone augmentation strategies.

Bone engineered tissues should possess certain properties which will optimally direct cell growth
into functional bone tissue. These properties must mimic those found naturally in the body, where
these devices should promote new bone formation (osteoinduction) and allow the ingrowth of bone
into the graft tissue (osteoconduction) (4, 149). In addition, the implanted device must degrade at a
similar rate at which new bone is created and also the construct should mimic the surrounding bone

tissue in terms of their mechanical properties (150, 151).

The current clinical therapies utilised to repair large bone defects are autografts and allografts and
these have been seen as the “gold standard” treatment for many decades. The process of
autografting occurs when bone tissue is taken from the patient and is then grafted into the defect
site. This procedure is relatively successful as the graft used is osteoconductive, osteoinductive and
highly vascularised, increasing the chances of effective integration into the host tissue (4). Also,
there is a low risk of infection/disease transmission. However, this procedure is associated with
limited tissue sourcing, substantial cost and accompanied by donor site morbidity complications
(151, 152). Allografts have also been seen as an alternative tissue grafting source for bone tissue
repair. These bone grafts are usually acquired from cadavers, though they are associated with poor
integration (153). Additionally, the use of allografts are associated with an increased risk of infection,
immune rejection, disease transmission and variable quality of harvested tissue (154). As with
autografts, allografts also suffer from nutrient supply limitations. Xenografts are tissues acquired
from another species and repurposed for human use (155). These tissues are usually extracted and
undergo the rigorous decellularisation procedures to remove all xenogeneic cellular materials
leaving the tissue extracellular matrix component intact. This decellularisation technology has seen
success in the tissue engineering field for simple tissue grafts such as skin grafts (ALLODERM
SELECT™); however, there has been difficulty in decellularising bone tissue for the repair of large
bone defects, due to issues in removing sufficient amount of cellular and genomic material for safe

xenogeneic implantation, while not affecting the tissue structure (156).
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1.6.2 - Tissue engineering approaches

It has been proposed that tissue engineered constructs may have the potential to replace the need
for autograft/allografts and meet the rising clinical demands for bone tissue. Within the tissue
engineering field, there are four key components which require consideration in creating functional
tissue: cells, scaffolds, growth factors and environmental/mechanical stimulation (Fig 1.12) (157,

158).

Growth
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-
FUNCTIONAL TISSUE

Figure 1.12 - The four key components of tissue engineering. These components include cells,

scaffolds with the addition of growth factors and environmental/mechanical stimulation.
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1.6.2.1 - Cellular component

Many of the bone engineering strategies utilise cellular components such as stem/stromal cells and
tissue-specific cells (159). The limitations of using tissue-specific cells include their limited cell
numbers, require an extensive In vitro expansion period and are difficult to isolate (160). While
initially most research has been performed with tissue-specific cells, there has been a noticeable

shift to the use of stem cells.

One of the key defining properties of stem cells is their self-renewal capacity. This is the process of
asymmetric division of stem cells into two daughter cells, one of which maintains the
undifferentiated state and self-renewal capacity of the parent cell, while the other cell is more
differentiated (16, 75, 161). The advantages of utilising stem cells are they have the ability to
differentiate into multiple cell lineages, are found in numerous sites around the body and exhibit a
more rapid rate of proliferation compared to tissue-specific cells (162). These cells are classified in
terms of their differentiation potential (163). Totipotent cells, such as zygotes, have the highest
differentiation potential which are able to differentiate into all types of cells within an organism (Fig
1.13). Pluripotent cells, such as ESCs, are able to create cells from the embryo and therefore all adult
tissues, however, are unable to form embryonic tissues. Additionally, iPSCs are generated from
reprogramming somatic cells, therefore possesses a similar differentiation capacity to ESCs. Adult
stem cells are classified as multipotent and can differentiate into tissue-specific cells. Lastly,
unipotent cells are considered terminally differentiated and can only maintain one cell type or

lineage (75).

Due to the pluripotency of ESCs, this stem cell source has been utilised for tissue engineering
purposes, however, due to the ethical issue and regulatory requirements, this has limited the use of
ESCs as a stem cell source. In addition, allogeneic rejection and teratoma formation have been
observed upon implantation, furthering the drawbacks associated with using ESCs for clinical use
(153). Therefore, the majority of research within the field has utilised multipotent cells. Post-natal or
adult stem cells have been successfully isolated from numerous tissue locations such as dental pulp,

skeletal muscle, synovium, bone marrow and adipose (153, 164-166).
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Figure 1.13 - Schematic representation of stem cell hierarchy. Totipotent cells such as zygotes
possess the greatest differentiation potency, with the ability to give rise to all cell types in the body.
Pluripotent cells such as ESCs can differentiate into all adult tissues in the body, except embryonic
tissues. Multipotent cells such as MSCs are capable of lineage-specific differentiation into unipotent

cells which are terminally differentiated.

Theoretically, stem cells are able to respond to any stimuli they are exposed to, such as the influence
of growth factors, scaffolds or mechanical stimulation (167). MSCs are an example of these
multipotent cells capable of differentiating into several cell types such as bone, cartilage and adipose
tissues, defined by their mesoderm lineage. Cells collectively termed MSCs can adhere to tissue
culture plastic, possess a fibroblastic morphology and self-renewal capacity, and differentiate into

multiple cell lineages (31, 153).

The key for bone tissue engineering strategies is to effectively control the lineage-specific
differentiation of MSCs. Controlling the key pathways involved in the differentiation of stem cells
into bone cells, such as BMP and Wnt signalling pathways, could lead to the improved efficacy of
bone tissue engineering strategies. To mimic the bone forming environment within the body,
chemicals such as ascorbic acid, phosphate sources and dexamethasone have been utilised (168-
170). In addition to these chemicals, growth factors such as BMPs have also been used to stimulate

osteogenesis (58). However, current approaches to stimulate osteogenesis are associated with
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various limitations, such as high cost, limited efficacy, ill-defined protocols or adverse side-effects.
Due to these drawbacks, this has resulted in increasing investigations into alternative methods to

enhance bone engineering strategies (16, 171, 172).

IM

There are controversies within the field in regard to the use of the term mesenchymal “stem” cells.
The discourse surrounding the use of this term is that it can be misleading referring to a
heterogeneous cell population containing a combination of tissue-specific progenitor cells and non-

stem cells (173). Additionally, within this heterogeneous population, cells possess varying levels of

I «“ III

multipotency. Hence, there is a growing consensus to term these cells mesenchymal “stromal” cells

It should be noted that MSCs are now believed to play a wider role in regenerative therapies besides
their direct differentiation into the cells of interests. A growing number of studies have
demonstrated that MSCs tropic, immunomodulatory and paracrine functions are important in
normal healing processes or tissue regeneration (174). MSCs trophic properties included the
secretion of chemokines and growth factors to stimulate cell proliferation and angiogenesis.
Inflammatory conditions at the sites of musculoskeletal trauma hinder the natural repair process
(175). MSCs are able to modulate this environment via anti-inflammatory and immunomodulatory
mechanisms. MSCs secrete anti-inflammatory proteins and growth factors such as nitrous oxide, IL-4
and TGF-B1 that target complex feedback mechanisms that prevent the proliferation and function of
key immune cells such as natural killer cells, macrophages and T cells. Numerous studies have
demonstrated the immunomodulatory capacity of MSCs on key immune cells at the site of fracture
repair (174, 176), therefore, it is possible the trophic properties of these MSCs could be integral in

the success of tissue engineering constructs.
1.6.2.2 - Scaffolds

The majority of early research focused on culturing cells in monolayer due to the established
protocols, ease of expansion and some degree of in situ replication, however growing cells on tissue
culture plastic forces cells to behave in a manner which is foreign to their natural in situ
microenvironment (177, 178) (Fig 1.14). In the body, cells are situated in a complex, three-
dimensional (3D) microenvironment surrounded by other cells, extracellular matrix components and
a variety of diffusible compounds such as growth factors and chemicals etc. In monolayer culture,
cellular morphology is altered which has a substantial effect on inducing altered mechanobiological
signals through the cells, such as altered adhesion occurring through the x-y plane, unrestricted
spreading and migration of cells, forced apical-basal polarity and the cells are influenced by the high

stiffness in contact with tissue culture plastic. In addition, when cells are cultured in monolayer, they
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are situated within culture media which lacks the soluble factor gradients that exist in vivo (178,
179). Due to the acquired understanding of the limitations of 2D culture, there has been a shift
towards the utilisation of 3D “scaffold” systems to more closely mimic the in situ conditions. MSCs
require a 3D microenvironment which allows for proper adhesion, growth, aggregation and tissue-

specific differentiation (180).
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Figure 1.14 - The differing effects of monolayer and 3D culture on cellular behaviour. 2D culture
infers an “artificial” environment which alters key cellular processes such as proper adhesion,

growth and tissue-specific differentiation. Adapted from (181).

Scaffolds are vital for bone tissue engineering strategies as it provides a suitable platform for cells to
migrate, proliferate, differentiate and promote new bone formation (182). The scaffold component
is defined as a 3D solid biomaterial which is porous in structure and promotes biomaterial-cell
interactions, cellular proliferation and differentiation, tissue ingrowth and vascularisation,
nutrient/waste diffusion and is able to biodegrade with minimal in vivo toxicity (183). In addition,

they must possess mechanical properties similar to the native bone. Ideally, scaffolds which are

27



osteoconductive, osteoinductive and osseointegrative would be beneficial. Various materials, both

natural and synthetic, have been investigated for bone tissue engineering applications.

In general, natural scaffolds can compose of proteins such as silk, collagen and gelatin, or as
polysaccharides such as glycosaminoglycans (GAGs), cellulose, and chitin (150). These materials are
highly biocompatible providing an osteoinductive and osteogenic environment; however, they lack
the mechanical properties for the tissue of interest (184). Synthetic materials in principle possess
modifiable mechanical and biodegradative properties, however, they lack the intrinsic
biocompatible properties which natural material possess such as the arginine-glycine-aspartic acid
(RGD) binding motifs (185). In general, three groups of biomaterials have been used in the
fabrication of scaffolds for tissue engineering applications: polymers, ceramics and composites.
Natural polymers such as collagen provide excellent biocompatible properties but possess a low
mechanical modulus compared to the native tissue (186). Synthetic polymers in principle can be
modified to satisfy these requirements, however, are associated with reduced bioactivity when
compared to natural polymers (187). Polymers in the form of hydrogels have been well researched
for tissue engineering purposes due to their high biocompatibility, porosity and water content.
Ceramic materials (bioceramics and bioglasses) possess good biocompatibility, a porous structure
and suitable mechanical properties. Additionally these materials are resistant to corrosion and wear
which has led to their use in total hip arthroplasty (188) However, the clinical application of ceramics
for tissue engineering has been hindered due to their brittleness which has limited the use of these
materials to non-load bearing applications such as in orthopaedic dentistry (189). Composite
scaffolds can utilise the best aspects of certain materials and combine them to produce a composite
which exhibits both of their properties. Therefore, a key challenge which remains for bone tissue
engineering is the utilisation of an appropriate biomaterial that complements the other essential

components for engineering function tissue (cells, growth factors, and environmental stimuli).

1.6.2.3 - Growth factors

For bone tissue engineering applications, growth factors have been utilised to stimulate MSCs
differentiation into osteoprogenitors and osteoblasts. The growth factors currently utilised have
been acquired from the improved understanding of the molecular mechanisms involved in the
fracture healing process (190). Many of these key molecules which are involved within this complex
physiological process have been identified and are clinically used. From the numerous osteogenic
inducing growth factors identified, BMP2 has been most commonly used in either viral or non-viral
delivery of genes into MSCs or in slow release systems (191). Numerous other growth factors have

been identified besides BMPs during the bone healing process, with varying functions such as cell
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proliferation, angiogenesis and chemotaxis. Numerous studies have investigated the ability of these

factors to augment bone repair (190, 192, 193).

1.6.2.4 - Environmental stimulation

The environment in which cells exist in the body plays an essential part in the development of that
tissue of interest. Mechanical stimulation has often been utilised to create tissue engineered
constructs in the form of bioreactors, to replicate the mechanical forces in which that tissue would
experience in situ (194). During bone fracture healing, numerous mechanical loads are exerted to
the defect area such as external fixators and formation of intermediary tissue such as fibrous tissue.
Also, high shear strain and fluid flows are thought to play a major role in the bone regeneration
process (4). To date, there has been limited success for developing clinically relevant bone tissue.
Numerous approaches have been developed to enhance the efficacy of bone tissue engineering

strategies such as gene therapy and iPSCs.

1.6.2.5 - Gene therapy and iPSCs

Recent advancements in the knowledge of the genome and associated technologies have propelled
research investigating the effects of altering the genome for numerous applications via gene
therapy. This procedure involves the transference of genetic materials into the cell of interest’s
genome, allowing that cell to express the coded protein. These procedures can be performed via
two methods: viral transfection or non-viral transduction of a vector either by the direct in vivo
method or the ex-vivo gene transfer strategy (195). These procedures have shown promise in the
tissue engineering field such as using gene therapy to enhance the expression of BMP2 in animal
studies (196). However, there are numerous concerns with issues regarding the safety, efficacy and

cost of this technology (4, 197).

With the advancements in gene therapy, the creating of iPSCs soon followed, where the retroviral
ectopic transduction of Oct4, Klf4, Sox2 and c-Myc genes into mouse fibroblast occurred in Shinya
Yamanaka’s Laboratory (198). Since their inception, these iPSCs have garnered great interest among
researchers due to their ability to replicate the pluripotent potential of ESCs and also these cells are
created from numerous different adult cells such as dermal fibroblasts by cellular programming to a
pluripotent state (199). In addition to possessing the pluripotency of ESCs, iPSCs do not elicit an
immune response, as they are derived from the patient (200). The use of these cells for bone tissue
engineering applications has also shown promise in the preclinical setting both in vitro and in vivo.
Kao et al. (2010) demonstrated that iPSCs were able to replicate the osteogenic capacity of ESCs

(201), while Levi et al. (2012) showed that critical-sized bone defects were completely healed in mice
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using these cells (202). Reports have demonstrated the potential of using iPSCs for bone tissue
augmentation in the preclinical setting, however, as with ESCs, iPSCs have been reported to undergo
teratoma formation if not fully differentiated before implantation (198, 203). In addition, the poor
induction yields as low as <1% observed from murine adult somatic cells is a major limitation of this
technology (153). These technologies aiming to enhance the efficacy of MSCs differentiation have
shown promise; however, they are associated with limitations in relations to their clinical safety and
cost-effectiveness. Due to these issues, researchers have started to investigate the potential of using
epigenetic approaches as an alternative method to enhance the efficacy of osteogenic

differentiation of MSCs.

1.7 - Utilisation of HDACi for bone tissue engineering

Several studies have examined the potential of using HDACi compounds for bone tissue engineering
applications in vitro. Hu et al. (2014) and Kim et al. (2013) demonstrated that sodium butyrate (NaB)
was capable of enhancing osteogenic differentiation of adipose-derived stem cells (ADSC) and
periodontal ligament fibroblasts (204, 205). Valproic acid (VPA), MS-275 and TSA have also been
shown to enhance the expression of osteogenic genes in preosteoblasts (46). However, various
studies have suggested that TSA may not induce osteoblastic maturation (113). De Boer et al. (2006)
utilised TSA to induce increased expression of alkaline phosphatase (ALP) and mineralisation of
human bone marrow stromal cells (hBMSCs) (74). Kim et al. (2011, 2012) found that MS-275
stimulated bone regeneration in vitro and in vivo (206, 207). From the many studies utilising HDACi
compounds for tissue engineering applications, it has become clear that the methods of delivery and
the time in which the inhibitors are administrated to cells are essential factors (208, 209) and this
had often led to the development of pre-treatment strategies to induce lineage-specific
differentiation (74, 210-212). Due to the broad spectrum of substrates panHDACis target, this leads
to differential effects within the cells, therefore this may limit their therapeutic potential.
Consequently, there is a great emphasis for researchers to look towards utilising specific HDACis to

minimise side-effects and to maximise osteogenic differentiation.

The majority of studies investigating the efficacy of HDACis to stimulate osteogenesis have utilised
non-selective panHDACIs, which due to their broad inhibition of HDAC isoforms, results in reduced
differentiation efficacy and potential side-effects (213). Therefore, the investigation into the
selective targeting of bone-associated HDAC isoforms to stimulate osteogenesis is warranted.
HDAC3 is known to act as a co-repressor for the key osteogenic transcription factor Runx2,
responsible for modulating OCN production, an essential component for bone formation (140). A

novel benzamide derivative compound MI192 has demonstrated its potential in the treatment of
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leukaemia and rheumatoid arthritis (21, 100). Previously, it has been reported that MI192 enhanced
the osteogenic capacity of ADSCs compared to the panHDACi TSA (214). While TSA targets a broad
spectrum of HDAC isoforms, MI192 primarily inhibits HDAC2 and 3 (MI1192 and TSA exerts >250-
and >1.6-fold selectivity for HDAC2/3 isoform over other HDAC isoforms, respectively) (100, 141).
Due to MI192 selective inhibition of the bone-associated HDAC3 isoform, this HDACi likely possesses
a greater potency in enhancing MSCs osteogenic differentiation compared to panHDACIs, as
demonstrated previously (214). Therefore, the hyperacetylation induced by MI192 treatment will
enhance the transcriptional permissiveness of the chromatin, leading to the increased production of
key osteogenic factors such as Runx2. This chromatin modification mechanism is likely shared by all
HDACis. However, due to the isoform selectivity of MI192, this will likely increase the transcriptional
activity of the Runx2 transcription factor, due to inhibiting HDAC3 repression of Runx2.
Consequently, the newly synthesised Runx2 protein, with enhanced transcriptional activity, likely
stimulates the production of downstream bone-related markers (Fig 1.15). As the effects of MI192
on ADSCs osteogenic differentiation has been previously reported (214), the effects of this selective
HDACi in promoting the osteogenic capacity of other clinically relevant MSCs, such as human dental
pulp stromal cells (hDPSCs) and hBMSCs, should be investigated as these MSCs are extensively
utilised for bone tissue engineering applications. The investigation of these MSCs could provide
clinicians with a greater option in applying this epigenetic-based approach to stimulate MSCs for

bone augmentation strategies.

In the literature, there have been few studies reporting the effects of these epigenetic-based
approaches to stimulate bone formation in 3D culture (209, 215), with these studies using
panHDACis. As previously mentioned, the 2D culture environment provides numerous artificial
stimuli which detrimentally affects MSCs differentiation into the tissue of interest (177). With the
rapid growth of the tissue engineering field, there are an overwhelming variety of scaffolds which
differ in their material composition, biocompatibility, cost, ease of manufacture etc. Therefore, it is
important to evaluate the effects of selective HDACis in stimulating clinically relevant MSCs bone
formation in 3D culture, which has not been explored in the literature to date. Additionally, due to
the wide-ranging effects of different 3D culture environments on MSCs behaviour, there is a
precedence to investigate the effects of HDACi treated MSCs osteogenic capacity in different 3D
scaffold systems, potentially providing clinicians with greater opportunities to apply this epigenetic-

based strategy for the repair of critical-sized bone defects.
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Figure 1.15 - Representation of MI192 mechanism of action in enhancing MSCs osteogenic
differentiation. MI192 selectively inhibits HDAC2 and 3 isoforms, resulting in enhanced histone
acetylation at the H3K9K14 regions. This increased acetylation opens the chromatin structure,
leading to enhanced production and acetylation of Runx2 transcription factor, stimulating the

downstream expression of osteoblast-related genes. Adapted from (71).

Compared to in vitro studies, there have been limited investigations into the efficacy of HDACis to
stimulate bone formation in vivo. Cho et al. (2005) demonstrated that TSA and NaB increased
osteogenic differentiation of MSCs both in vitro and ex vivo, however, these results could not be
recapitulated in vivo (74, 212). Jung et al. (2010) observed an enhanced osteoblastic differentiation
when HDACis NaB and TSA were loaded onto a-calcium scaffolds and placed within a critical-sized
rat bone defect model (208). Lee et al. (2011) showed that pre-soaking collagen scaffolds with the
HDACi Largazole were able to enhance bone formation in calvarial bone defect models (215).
Similarly, Xu et al. (2009) demonstrated the use of both VPA and NaB in combination with ADSCs in a

hypoxic environment resulted in the in vivo regeneration of bone tissue (211). However, studies
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have reported HDACi treatment had a detrimental effect on bone formation in vivo. McGee-
Lawrence and Westendorf (2011) reported SAHA had a negative effect on the trabecular skeleton in
C57BL/6 mice, with a reduction in osteoblast numbers (216). Boluk et al. (2004) found that VPA
treatment resulted in decreased bone mineral density within epileptic patients (217). From the
limited in vivo studies investigating the efficacy of these epigenetic-based approaches, all have
utilised panHDACIs. Consequently, there is growing precedence to investigate the potential of
selective HDACi compounds to stimulate bone formation within the in vivo environment, as this pre-
clinical validation step would provide greater evidence for the potential use of selective HDACis to

promote bone formation in the clinical setting.

1.8 - Project aims and objectives

The aim of this project was to investigate the effects of the novel selective HDAC2 and 3 inhibitor -
MI192 on the behaviour and osteogenic capacity of clinically relevant MSCs, to enhance their

efficacy for bone augmentation strategies.
The following objectives were identified in order to achieve this aim:

— Toisolate and characterise clinically relevant MSCs (hDPSCs and hBMSCs).

— Toinvestigate the effects of MI1192 on the general behaviour of MSCs in 2D in vitro culture.
— To evaluate the effects of M1192 on MSCs osteogenic differentiation in 2D in vitro culture.
— To determine the effects of MI1192 on MSCs bone formation in 3D in vitro models.

— Toinvestigate the effects of MI1192 on MSCs bone formation in vivo.
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Chapter 2 - Materials and Methods

This chapter contains all the general materials and methods used in the subsequent chapters in this

thesis. Chapter-specific methods will be described in the relevant chapters.
2.1 - General reagents

All reagents, including dimethyl sulfoxide (DMSO) and ethanol (EtOH), were purchased from Sigma-
Aldrich unless stated otherwise. Tissue culture consumables including flasks, plates and falcon tubes
were acquired from Corning. General reagents used for tissue culture include phosphate buffered
saline (1x PBS, Lonza, BE17-516F), alpha minimal essential medium (a-MEM, Lonza, BE12-169F),
penicillin-streptomycin (P/S, Sigma-Aldrich, P4333), L-glutamine (L-G, Sigma-Aldrich, G7513), foetal
calf serum (FCS, Sigma-Aldrich, F9665) and 0.25% (w/v) trypsin-EDTA (ethylenediaminetetraacetic
acid) solution (T/E, Sigma-Aldrich, T4049).

2.2-MI192

MI192 was previously synthesised by a student within the research group, where the method of
synthesis was stated in Chapter 3 of his thesis (214). M1192 was dissolved in filter-sterilised DMSO to
make a 100 mM stock solution (3.81 mg in 100 pul DMSO). The MI192 stock solution was added

directly to the culture medium to generate the desired concentrations for use immediately.
2.3 - Culturing of cells

All cells were incubated at 37°C with 5% CO, and approximately 90% humidity within an incubator.
Experimental work using cells were undertaken within a laminar flow hood (class Il) using aseptic

technique.
2.3.1 - Extraction of human dental pulp stromal cells from sound molars

Human dental pulp stromal cells (hDPSCs) were isolated from extracted impacted third molars
obtained with the patient consent through the Leeds Dental Institute Research Tissue Bank (REC
07/H1306/93) and ethical approval (180615/km/173). Briefly, tooth surfaces were cleaned
thoroughly with 70% EtOH-soaked tissue and any remaining soft tissue was removed with sterile
forceps and a scalpel blade. Molars were cracked within sterile gloves using a clamp to reveal the
pulp chamber. The pulp tissue was carefully removed and then digested in fresh medium containing
3 mg/ml collagenase type 1 (Sigma-Aldrich, SCR103) and 4 mg/ml dispase (Roche, 4942078001) for 1
hour at 37°C with agitation on a MACSmix tube rotator (Miltenyi Biotec). A single cell suspension

was obtained by passing cells through a 70-um strainer (BD Biosciences, 352350). The cell
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suspension was centrifuged at 200g for 5 minutes before re-suspended in basal medium and seeded

into flasks at appropriate cell density.
2.3.2 - Processing human bone marrow mononuclear cells

Human bone marrow mononuclear cells were acquired from Lonza (2M-125C). Prior to the thawing
of cells, DNase | (Sigma-Aldrich, D4513) was added at 20 U/ml to the medium containing 10% FBS.
Cells were thawed and transferred to 50-ml falcon tube, where 1 ml prepared medium was added
dropwise, and cells were gently swirled for 1 minute. 3 ml prepared medium was added dropwise to
the cell suspension and gently rotated for 3 minutes. The remaining DNase |-containing medium was
added dropwise, with the intermittent swirling of the cell suspension to reach a final total volume of
50 ml. The cell suspension was centrifuged at 200g for 15 minutes at room temperature. The
supernatant was removed, leaving 2 ml of medium with the cell pellet, which was used for
resuspension. The cell suspension was transferred to a 15-ml falcon tube, rinsing the original 50-ml
tube with medium and then transferring this wash medium into the 15-ml falcon tube. Medium was
added dropwise until a total volume of 15 ml was reached. The cell suspension was then centrifuged
at 200g for 15 minutes at room temperature. The supernatant was removed leaving approximately 2
ml medium with the cell pellet, which was used to re-suspend and count cells. Cells were rested for

1 hour within the incubator and then seeded at appropriate cell seeding density.
2.3.3 - Detachment of cells and seeding

Culture medium was aspirated, and cells were washed twice with PBS, prior to incubation with T/E
for 5 - 10 minutes until a complete detachment of cells from the tissue culture plastic. The cell
suspension was then neutralised with equal volumes of basal media then centrifuged at 1200 RPM
for 5 minutes. The resulting supernatant was then aspirated, and the cell pellet was re-suspended in
an appropriate volume of culture media. Cells were then counted and seeded at densities depending

on the experiment.
2.3.4 - Cell Counting

To count cells, a mixture containing 50 pul cell suspension with an equal volume of trypan blue
solution (Sigma-Aldrich, T8154) was added to a haemocytometer and the cell number was counted
under a light microscope. Cells stained dark blue were classed as dead/non-viable and were not
counted. The total viable cells in 4 corner squares and the centre square were counted and the
average cell number per square was determined. The total area of each square was 1 mm? and the

depth of each square was 0.1 mm, therefore the final volume of each square was 100 nl. Total cell
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number is determined by multiplying the average number of cells by the dilution factor of trypan

blue, then by 10,000 and finally by cell suspension total volume:
Total number of cells =
Average cell count x Trypan blue dilution factor x Total volume of cell suspension
2.3.5 - In vitro expansion of human dental pulp stromal cells (hDPSC)

Cells were expanded in basal medium consisting of a-MEM, 10% FCS, P/S (100 units/ml, 100 ug/ml)
and 2 mML-G. The medium was changed every 3 - 4 days. Cells were passaged when approaching

80% confluence. Cells of up to passage 4 were used for experiments.
2.3.6 - In vitro expansion of human bone marrow stromal cells (hBMSC)

Cells were expanded in basal medium consisting of a-MEM, 10% FCS, P/S (100 units/ml, 100 ug/ml)
and 1 ng/ml recombinant human fibroblastic growth factor (FGF) basic (R&D systems, 233-FB-025).
The medium was changed every 3 - 4 days. Cells were passaged when approaching 80% confluence.

Cells of up to passage 4 were used for experiments.
2.3.7 - Osteogenic induction culture

To promote osteogenic differentiation, basal medium was supplemented with 50 uM L-ascorbate 2-
phosphate sesquimagnesium salt hydrate (Sigma-Aldrich, A8960), 10 mM B-glycerol phosphate
(Sigma-Aldrich, G9422) and 100 nM dexamethasone (Sigma-Aldrich, D4902). The medium was

changed every 3 - 4 days.
2.3.8 - Chondrogenic induction culture

For chondrogenic differentiation, cell pellets were created by centrifuging cells (2.5 x 10°) in a 15-ml
Falcon tube for 4 minutes at 300g. The supernatant was removed, and the resulting cell pellet was
cultured in StemMACs ChondroDiff Media (Miltenyi Biotec, 130-091-691) supplemented with P/S

(100 units/ml, 100 pg/ml) for 21 days. The medium was changed every 3 - 4 days.
2.3.9 - Adipogenic induction culture

For adipogenic differentiation, 1 x 10° cells were seeded into 12-well plates and cultured in
StemMACs AdipoDiff Media (Miltenyi Biotec, 130-091-677) supplemented with P/S (100 units/ml,

100 pg/ml) for 14 days. The medium was changed every 3 - 4 days.
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2.3.10 - Microtissue culture

Cells (250,000 cells per well) were seeded in a v-shaped bottom 96-well polypropylene plate
(Greiner Bio-One, 651201), suspended in 250 pl of osteogenic medium. Plates were centrifuged at
300g for 4 minutes. After 24 hours, cells had usually condensed into spheroid pellets (microtissues)

which were then gently agitated. The medium was changed three times a week.

2.4 - Polymerase chain reaction (PCR)

Before real-time quantitative polymerase chain reaction (RT-qPCR), ribonucleic acid (RNA) was

isolated from cells and reverse transcribed into complementary DNA (cDNA).

2.4.1 - RNA isolation

To extract RNA, cells in monolayer were lysed by incubation with RLT buffer and then stored at -80°C
until required. Microtissues were lysed after 7, 14 and 21 days in osteogenic culture. The sample size
was four per group (n=4). Samples were collected and placed in RLT buffer within an Eppendorf
tube. Microtissues were homogenised by passing through a 20-gauge needle. Samples were then
vortexed for 15 seconds and placed into a sonicator for 15 minutes. This process was repeated four
times. The lysate solution was transferred into the QlAshredder (Qiagen, 79654) and centrifuged at

10000 RPM for 3 minutes. The lysate was then stored at -80°C until required.

RNA was extracted using the RNeasy mini kit (Qiagen, 74104) following the manufacturer’s
instructions. Briefly, the lysate containing the RNA is loaded onto the column, where it attaches to
the membrane then undergoes multiple wash steps and the RNase-Free DNase kit (Qiagen, 79254)
was utilised to digest any genomic DNA contaminants. RNase-free distilled water (dH,0) was utilised
to elute the purified RNA from the column. The concentration and quality of RNA was measured at
260 nm using the Thermo Scientific ND1000 Nanodrop spectrophotometer. The RNA purity
determined by assessing the 260/280 nm ratio, where a ratio above 1.8 was considered of good

purity. RNA was stored at -80°C until required.

2.4.2 - Reverse transcription

Reverse transcription was undertaken to generate a single-stranded cDNA from the isolated RNA.
200 ng of RNA was transcribed to cDNA using the high capacity RNA to cDNA Kit (Applied
Biosystems, 4387406), following the manufacturer’s instructions. Briefly, 200 ng of the RNA
dissolved in water, 10 pl of 10x buffer and 1 ul enzyme were made to a final volume of 20 ul with

nuclease-free water. Reactions were then performed within a PTC-100 ThermoCycler (F. Hoffmann-
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La Roche Ltd. MJ Research) at 37°C for 1 hour, then at 95°C for 5 minutes for the enzyme denaturing
step. The cDNA stored at -20°C before use. From the manufacturer’s recommendations, it was

presumed that the reverse transcription process was 100% efficient.
2.4.3 - RT-qPCR

The mRNA expression levels were determined by RT-gqPCR using the TagMan gene expression assay.
Briefly, a 20 pl reaction volume composed of 10 ul TagMan Gene Expression Master Mix (Life
Technologies, 4369016), 8.5 ul RNase-Free dH,0, 1 pl of the probe and 0.5 pl of cDNA. The 20 ul
reaction mix was added into each well in 96-well PCR plates for use in the Roche LightCycler (Starlab,
11402-9909). Negative controls lacking probe or cDNA were included in each plate. The plates were
sealed and centrifuged for 10 seconds before use in the LightCycler. Amplification curves were
obtained using a LightCycler 480 real-time QPCR system. Samples went through a 10 min pre-
incubation step at 95°C, 45 cycles of 10 seconds at 95°C, 30 seconds at 60°C and 60 seconds at 72°C.
At the end of the 45 cycles, the samples were cooled to 40°C. For each sample, the cycle threshold
(Ct) value was acquired and the comparative Ct method (22%) was utilised to quantify the levels of
gene expression in relation to the housekeeping gene, GAPDH. Probes utilised for TagMan PCR are

shown in Table 2.1.

Table 2.1 - TagMan probes utilised in this thesis.

- TagMan
Gene symbol Description . .
assay identification
GAPDH Glyceraldehyde-3-phosphate dehydrogenase  Hs99999905_m1

(Housekeeping gene)

RUNX2 Runt-related transcription factor 2 Hs00231692_m1
ALPL Alkaline phosphatase Hs01029144 m1
COL1A1 Collagen, type | Hs00164004_m1
BMP2 Bone morphogenetic protein 2 Hs00154192 m1l
OCN/BGLAP Osteocalcin/PMF-bone gamma- Hs00609452 g1

carboxyglutamate (gla) protein
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2.5 - Biochemical assays

For biochemical assays (PicoGreen and ALPSA), cells were washed twice with PBS and stored at -80°C
in 200 pl of 0.1% Triton X-100 in PBS per well (Fisher Scientific, BPE151-500). Cells then underwent
three freeze-thaw cycles between -80°C and 37°C, with scraping in-between to lyse the cells.

Samples were checked microscopically to ensure full lysis.
2.5.1 - PicoGreen DNA quantification assay

Cells were seeded at 1 x 10 cells per well in three 96-well plates and incubated in basal medium.
After 24 hours, the medium was replaced with fresh basal medium supplemented with M1192 at a
range of concentrations (1, 5, 10, 20, 50, 100 uM) and incubated for 24, 48 and 72 hours. Untreated
cells in basal medium were used as control. At each time point, cells were prepared for lysing as
described in section 2.5. The sample size was three for each group (n=3). After lysing of cells, DNA
quantification was determined by Quant-iT™ PicoGreen® DNA assay (Invitrogen, Life Technologies,
P7581). The pre-prepared Lambda DNA standard was diluted to 2 pg/ml with 1x TE buffer (10 mM
Tris-HCI, 1 mM EDTA, Sigma-Aldrich, 93302) to make a working standard solution. This was further

diluted to five standard concentrations ranging from 1 ng/ml to 1 pug/ml.

10 pl of cell lysate solution was added to 90 pl of 1x TE buffer into a 96-well plate (Corning) in
triplicate. 100 pl of PicoGreen reagent (1:200 dilution in 1x TE buffer) was added to all samples,
standards and blanks (1 x TE alone) and then incubated at 37°C in the dark for 5 minutes. The
fluorescence was then measured in a Varioskan Flash Multimode Microplate Reader (Thermo
Scientific) at 480 nm excitation and 520 nm emission. The standard curve generated was used to
determine the sample DNA concentration in ng. The total DNA (ug per well) was calculated from the

ng DNA per ml calculated and the harvest volume of Triton X-100 from each well.
2.5.2 - Alkaline phosphatase (ALP) quantitative assay

The ALP activity was determined using the 4-nitrophenyl colourimetric phosphate liquid system
(PNPP, Sigma-Aldrich, 4264-83-9). ALP standards (5 - 100 nM) were prepared by serial dilution of 4-
nitrophenyl (10 mM solution, Sigma-Aldrich, N7660) in ALP assay buffer (60 ul 2% Tergitol type NP-
40 in dH,0 (Sigma-Aldrich, NP40S), in 10 ml 1.5 M alkaline buffer solution (Sigma-Aldrich, A9226)
and 20 ml dH,0). 90 pl of pNPP was added to 10 pl of cell lysate and incubated with the standards
and blank in a 96-well plate for 30 - 60 minutes at 37°C in darkness. To stop the reaction, 100 ul of 1
M NaOH was added to all wells and absorbance at 405 nm was read using the Varioskan Flash

Multimode Microplate Reader (Thermo Scientific). The generated standard curve was used to
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determine the ALP values of the samples in mM. To determine the net ALP activity (nM/hour/well): -
Calculated ALP (mM) were multiplied by 1000, Triton X-100 harvest volume, then divided by the
assay volume and the ALP reaction time.

(mM ALP x 1000)x Triton harvest volume)

( incubation time )
Assay volume

net ALP activity =

2.5.3 - ALP specific activity (ALPSA)

ALPSA was calculated by dividing the total ALP concentration per well by the total DNA content of
that sample determined by PicoGreen DNA assay (nM ALP/hour/ug of DNA).

ALP per hour per well (nM)

ALPSA =
DNA content per well (ug)

2.5.4 - AlamarBlue metabolic activity quantification assay

AlamarBlue is a resazurin-based reagent that can measure the metabolic function of viable cells. The
active compound of AlamarBlue (resazurin) is non-toxic, non-fluorescent and cell permeable (218).
Upon entering the cells, resazurin is converted to its reduced form resorufin by mitochondrial
enzymes, which is highly fluorescent (219). The conversion is proportional to the number of

metabolically active cells and where the absorbance or fluorescence can be measured.

Cells were seeded at 1 x 10 cells per well in three 96-well plates and incubated in basal medium.
After 24 hours, the medium was replaced with fresh basal media supplemented with MI192 at a
range of concentrations (1, 5, 10, 20, 50, 100 uM) and incubated for 24, 48 and 72 hours. Untreated
cells in basal medium were used as control. The sample size was three for each group (n=3). At each
time point, 20 pl of AlamarBlue® reagent (Thermo Scientific, DAL1025) was added to each well and
incubated for 4 hours at 37°C. Fluorescence readings were acquired using a Varioskan Flash
Multimode Microplate Reader at an excitation wavelength of 540 - 570 nm and an emission

wavelength of 580 - 610 nm.
2.5.5 - HDAC activity assay

Cells were cultured in two 96-well plates (1 x 10* cells per well) in basal medium. After 24 hours, the
medium was replaced with fresh basal medium containing MI192 (1, 5, 10, 20, 50 uM). Basal
medium alone was used as a control. The sample size was three for each group (n=3). At 24 and 48
hours, the HDAC activity of the cells was measured using an in situ HDAC activity fluorometric assay

kit (Biovision, K339) following the manufacturer’s instructions. Briefly, the medium was replaced
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with 100 ul reaction mix containing HDAC substrate and incubated with cells for 3 hours at 37°C.
Similarly, a series of standards from a provided deacetylated sample were also plated. 100 pl lysine
developer was added to the plate which was incubated for a further 30 minutes at 37°C.
Fluorescence readings were acquired using a Varioskan Flash Multimode Microplate Reader at an
excitation wavelength of 368 nm and emission wavelength at 442 nm. Resulting HDAC activity was
normalised with the DNA content of each group, determined by PicoGreen DNA assay to give HDAC

specific activity.
2.5.6 - H3K9 acetylation assay

Detection of H3K9 acetylation was performed using the EpiQuik™ In Situ Histone H3-K9 Acetylation
Assay Kit (Epigentek, P-4004). Cells were cultured in two 96-well plates (1 x 10* cells per well) in
basal medium. After 24 hours, the medium was replaced with fresh basal medium containing M1192
(1, 5, 10, 20, 50 uM). Basal medium alone was used as a control. The sample size was three for each
group (n=3). After treatment, cells were incubated overnight in basal medium for 24 hours before
performing the assay, according to the manufacturer’s protocol. The absorbance was read on the
Varioskan Flash Multimode Microplate Reader at 450 nm within 10 minutes. Resulting acetylation
activity was normalised with the DNA content of each group, determined by PicoGreen DNA assay to

give H3K9 specific acetylation.
2.5.7 - In-Cell Western (ICW) assay

This quantitative immunofluorescence method combined the specificity of Western blotting with the
reproducibility and high throughput analysis of ELISA to assessed protein levels within cells (220,
221). Cells were cultured in four 96-well plates (1 x 10* cells per well) in basal medium. After 24
hours, the medium was replaced with MI192 pre-treatment medium for 48 hours (2 or 50 uM for
hDPSCs or hBMSCs, respectively). Basal medium alone was used as a control. The sample size was
three for each group (n=3). Medium in all groups was replaced with osteogenic medium and plates
were cultured for 7, 14, 21 and 28 days. At each time point, one of the plates was stopped for
analysis. Following cell culture, 96-well plates were washed in PBS followed by fixation in 10%
neutral buffered formalin (NBF, Cellpath, BAF-0010-01A) in PBS for 20 minutes immediately after
treatment. Cells were permeabilised by washing five times in 0.1% Triton X-100 in PBS for 5 minutes
per wash. Solutions from CellTag 700 staining ICW Kit | (Li-Cor Biosciences, 926-41091), was utilised
for this protocol. Nonspecific binding was blocked using the Odyssey® blocking buffer for 1.5 hours
at room temperature. The samples were incubated with antibodies (Table 2.2) in Odyssey® buffer at

4°C overnight with gentle shaking. Samples were then washed extensively in PBS containing 0.1%
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Tween 20 (Sigma-Aldrich, P9416) five times for 5 minutes per wash. Samples were then incubated
with the IRDye 800CW Goat-anti-Mouse secondary antibody (1:800) with the CellTag™ 700 stain
(1:500) in the Odyssey® blocking buffer for 1hour at room temperature with gentle shaking.
Samples were extensively washed in PBS containing 0.1% Tween 20 for 5 minutes per wash. After a
final wash, all liquid was removed, and the plate was scanned on the Odyssey SA Imaging System (Li-
Cor Biosciences) using both 700 and 800 nm detection channels at a 200 nm resolution, medium
quality with a focus offset of 3.0 mm. Quantitative In-cell Western analysis was performed using

Image Studio version 5 (Li-Cor Biosciences).
2.6 - Assessment of Cell Morphology

Cells were seeded at 1 x 10° cells per well in two 12-well plates in basal medium. After 24 hours,
medium was replaced with fresh basal medium supplemented with MI192 at a range of
concentrations (1, 10, 20, 50, 100 puM). Untreated cells in basal medium alone was used as the
control. The sample size was three for all groups (n=3). Cells were observed under the Leica

DM16000 B inverted microscope at 24, 48 and 72 hour time points.
2.7 - Cell cycle analysis

Cells were seeded within 6-well plates (1 x 10° cells/well) and cultured in basal medium for 48 hours
to ensure normal cell cycle function. The medium in the test group was replaced with fresh basal
medium containing MI192 (2 or 50 uM for hDPSCs or hBMSCs, respectively), and the basal medium
alone group was used as the control. The sample size was three for each group (n=3). At 24, 48 and
72 hours, the cells were trypsinised and re-suspended with 500 ul ice-cold 70% (v/v) EtOH/PBS then
stored in -80°C for assessment. For staining, the cell suspension was centrifuged at 800 RPM for 5
minutes and the pellet was washed with 500 pl 4°C FACS buffer (PBS with addition of 0.1% (w/v)
bovine serum albumin (Sigma-Aldrich, A9418) and 0.1% TWEEN-20 (Sigma-Aldrich, P9416)) and then
centrifuged at 800 RPM for 5 minutes. The resulting cell pellet was re-suspended with 500 pl of
freshly made staining solution (20 pg/ml propidium iodide (Sigma-Aldrich, P4170) and 200 pg
Ribonuclease A (Sigma-Aldrich, R6513)) and incubated for 20 minutes at room temperature. Cells
were then placed on ice for assessment with Attune NxT Flow Cytometer (Life Technologies).

Subsequent cell cycle analysis was undertaken using the ModFit LT™

software (LT v3, Verity).
2.8 - Live/dead fluorescent staining
CellTracker™ Green CMFDA (5-chloromethylfluorescein diacetate) dye (ThermoFisher Scientific,

C7025) and Ethidium homodimer | (EthD-1, Sigma-Aldrich, E1903) were utilised to label live/dead
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cells, respectively. CMFDA dye freely passes through the cell membrane, where it reacts with cellular
components and is transformed into cell membrane-impermeant products. EthD-1 is a membrane
impermeable dye, which can only enter cells with damaged cell membranes and binds to DNA in
dead cells. Briefly, 10 ul of DMSO was added to 1 vial containing 50 pug CFMDA, which was further
diluted in 5 ml prewarmed basal medium (10 pg/ml). EthD-1 (20 ul) was added to the 5 ml culture
medium. Samples were incubated within this dye-containing medium for 30 minutes in the
incubator protected from light. After incubation, samples were washed with fresh basal medium

prior to imaging utilising the confocal laser scanning microscope (CLSM, Leica-TCS-SP8).

2.9 - Histological staining

2.9.1 - Paraffin embedding and sectioning

All samples for histological analysis were processed using the VIP Tissue processor (Sakura) where
samples (fixed in 10% NBF) were passed through 70% EtOH, 90% EtOH, 4 changes of 100% EtOH, 3
changes of 100% xylene and 3 changes of wax, prior to paraffin embedding. Sections were then cut
using a Leitz rotary microtome at 5 um thickness and mounted on glass slides using a 40°C water
bath. SuperfrostTM Plus Microscope Slides (Fisherbrand, 12-550-15) were used to mount the
sections. Slides were then placed on a plate heater to melt the section to the slide and then was
placed in a 37°C oven overnight to dry. Prior to any histological staining, paraffin sections on slides
were dewaxed by passing slides through 100% xylene (VWR, VWRC28975) for 5 minutes, two 100%

EtOH baths for 5 minutes each and running tap water for 5 minutes.

2.9.2 - Haematoxylin and Eosin (H&E) staining

Slides were stained with Harris’s Haematoxylin (Shandon, 6765002) for 3 minutes and then cleared
in running tap water. Following which sections were immersed in Scott’s tap water (Leica
Microsystems, 02901) for 2 minutes, cleared in running tap water and then stained with 1% aq.
Eosin (Leica Microsystems, 01592E) for 2 minutes. These samples were then cleared in running tap
water and immersed in two 100% EtOH baths for 5 minutes each, and then in Xylene for 5 minutes
before mounting in DPX (distyrene, plasticizer and xylene, Agar Scientific, R1340). The stains were

then observed under an Olympus BX50 microscope.

2.9.3 - Picrosirius red/Alcian blue staining

Slides were stained with Weigert’s Haematoxylin (equals parts Weigert’s solution A and B, TCS
Biosciences, HS375-500, HS380-500) for 10 minutes, then cleared in running tap water for 10

minutes. Sections were dipped in 1% HCI in absolute methanol and then wash in running tap water
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for 5 minutes prior to staining with Alcian blue solution for 10 minutes (1% w/v in 3% acetic acid, TCS
Biosciences, HS116-500). These were then washed in running water for 1 minute then stained with
1% Phosphomolybdic acid (Polysciences, Inc, 24901A) for 20 minutes, following which sections were
washed in running tap water for 1 minute. Slides were then incubated with Picrosirlus red
(Polysciences, Inc, 24901B) for 60 minutes, following which samples were blotted dry, immersed in
two 100% EtOH baths for 5 minutes each, and then in 100% Xylene for 5 minutes before mounting in

DPX. The stains were then observed under an Olympus BX50 microscope.
2.9.4 - Oil red O staining for lipid droplets

Samples were washed twice with PBS and fixed with 10% NBF for 1 hour. Following which the
samples were washed with dH,0, and then incubated with 50% isopropanol (Sigma-Aldrich, 190764)
for 5 minutes. Samples are then stained with Oil Red O solution (70-um pore filtered 0.6% in 50%
isopropanol Oil Red solution (Sigma-Aldrich, 01391) for 15 minutes. Cells were briefly rinsed with
50% isopropanol then washed three times with dH,0. Cells were air-dried and observed under the

Leica DMI6000 B inverted microscope.

2.9.5 - Alizarin red staining for calcium accumulation

Monolayer samples were washed twice with PBS, fixed in 10% NBF for 1 hour, and then washed
three times with dH,0. Paraffin sections were dewaxed and taken to water. Samples were incubated
with Alizarin Red solution (40 mM at pH 4.1 +/- 0.1, Millipore, TMS-008-C) for 15 minutes at room
temperature, followed by three washes of dH,0. Slides were dewaxed, cleared and mounted for
observation under an Olympus BX50 microscope. Monolayer stained samples were air dried and
observed under a Leica DMI6000 B inverted microscope. The Alizarin red stained samples were de-
stained by the addition of 10% Cetylpyridinium chloride (Sigma-Aldrich, C0732) to each sample for 1
hour on a rocking device. Following this, 10 ul of the de-stained extract was diluted with 90 ul dH,0

and absorbance was read at 550 nm using the Varioskan Flash Multimode Microplate Reader.
2.9.6 - Von Kossa staining for mineral nodule formation

Monolayer samples were washed twice with PBS and fixed in 10% NBF for 1 hour and then washed
with dH,0 three times. Paraffin section was dewaxed and taken to water. Solutions from the Von
Kossa Staining Kit (Atom Scientific, RRSK39-100) were utilised in this protocol. Samples were then
incubated with 10% (w/v) aqueous silver nitrate solution at room temperature in an ultraviolet (UV)
light box for 10 minutes. This was followed by three washes in dH,0 and then incubated with 5%

sodium thiosulfate for 5 minutes. Samples were then incubated with Van Gieson’s solution for 5
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minutes. Following incubations, sections were dewaxed, cleared and mounted in Xylene, then
observed under an Olympus BX50 microscope. Monolayer samples were air-dried and observed

under a Leica DMI6000 B inverted microscope.
2.9.7 - Immunohistochemistry

EnVision™ Detection Systems Peroxidase/DAB, Rabbit/Mouse (Dako, K406511) were utilised for this
procedure. Sections were immersed in two Xylene and two 100% EtOH baths for 5 minutes each
before taken to running tap water. Slides were placed in PBS bath before samples were incubated
with ‘Dual Endogenous Enzyme Block’ from the EnVision™ kit for 10 minutes. Sections were washed
in a PBS bath for 5 minutes and then samples were blocked in 20% Normal goat serum (Dako,
X090710) in PBS for 30 minutes. Samples were washed in PBS bath for 5 minutes. Primary antibodies
(Table 2.2) were added to samples at the desired concentration in 1% BSA (Sigma-Aldrich, A2058) in
PBS, and then left to incubate overnight at 4°C. Negative controls were incubated in 1% BSA in the
same conditions. The next day, sections were washed in a PBS bath for 10 minutes, before the
addition of the secondary antibody HRP goat anti-rabbit to slides for 30 minutes. Slides were washed
in a PBS bath for 5 minutes, following which Dako DAB developing solution was added to samples for
10 minutes. Sections were then washed in running tap water for 5 minutes before immersion in
Harris Haematoxylin for 20 seconds and then cleared in running tap water. Samples were then
dehydrated through two EtOH and two Xylene baths before mounting in DPX. The resulting staining

was observed under an Olympus BX50 microscope.

Table 2.2 - Antibodies utilised for ICW and immunohistochemistry staining

Antibody Catalogue number Concentration

In vitro studies

Alkaline Phosphatase

ab126820 (Abcam) 1/500
(ALP)
Bone morphogenic protein 2
phog P MA5-23763 (Invitrogen) 1/500
(BMP)
Collagen type |
gentyp ab6308 (Abcam) 1/100
(Col1a)
Osteocalcin
ab13420 (Abcam) 1/800
(OCN)
Aggrecan
g8 ab3778 (Abcam) 1/100
(AGG)
Collagen type ll
gen typ ab185430 (Abcam) 1/500

(Col2a)
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In vivo studies

Collagen type |

ab3778 (Abcam 1/100
(Col1a) ( ) /
Osteocalcin

ab185430 (Abcam) 1/200
(OCN)

2.10 - 3D printed PEGT/PBT fabrication and preparation

Bio-degradable poly (ethylene glycol)-terephthalate/poly (butylene terephthalate) (PEGT/PBT) block
copolymers were provided by Dr Tim Woodfield in the Christchurch Regenerative Medicine and
Tissue Engineering (CReaTE) research group at the University of Otago. PEGT/PBT copolymer
composition was defined by a PEG molecular weight (MW) of 300 g/mol and a PEGT:PBT weight
percent (wt%) ratio of 55:45. Briefly, PEGT/PBT scaffolds were fabricated in a layer by layer process
using a 3D BioPlotter (EnvisionTec, Germany) with a 1 mm fibre spacing. Fibres were oriented ina 0 -
90° pattern in order to provide space for microtissue assembly in a bi-layered fashion. Scaffolds with
dimensions of approximately 3.3 x 2.1 x 2.1 mm were then sterilised in 70% EtOH overnight.

Following which scaffolds were washed in plain medium prior to the incorporation of microtissues.
2.11 - Diffusion chamber preparation

Diffusion chambers were assembled by attaching mixed cellulose ester membrane (0.22 um pore
size, Millipore, GSWP01300) to the bottom surface of the Plexiglas® Rings (@ 14 mm x 2 mm)
(Millipore, PR0001401) with cyanoacrylate glue. Once affixed, constructs were placed in the centre
of the chamber and another membrane was affixed to the top of the chamber as described
previously. When membranes have been fixed, basal medium was introduced into the chamber via
the small hole within the side wall of the chamber ring with a sterile 1 ml syringe and needle. Care
was taken to ensure no air bubbles remained within the chamber, after which a small plastic rod cut
to the width of the chamber side wall was inserted into the hole, sealed with cyanoacrylate glue.
Chambers were placed in basal medium within 24-well plates overnight to ensure chambers were

properly sealed prior to implantation.
2.12 - Intraperitoneal implantation

Diffusion chambers (untreated/MI1192 pre-treated groups, n=3 for each condition) were implanted
within the intraperitoneal cavity of immunocompromised CD1 male nude mice (30 g). Mice were
placed in a trifluorane chamber and anaesthetised for approximately 2-3 minutes (level 5 trifluorane

and 2.5% oxygen). After induction, the mice were transferred onto a heated mat and anaesthesia

46



was maintained (level 2.5 trifluorane and 2.5% oxygen) via a nose cone. The abdominal region was
sterilised with 70% EtOH, and a single incision through the skin and intraperitoneal membrane were
made at the lower abdominal regions large enough to insert the chamber. Care was taken not to
damage the underlying organs. Two chambers were placed into either side of the abdominal region.
The intraperitoneal membrane and skin wound were closed using 5-0 coated VICRYL and 5-0 Ethilion
sutures, respectively. Following closure, the area was cleaned with sterile injection water and
Vetergesic injection (0.03 mg/ml) was given to each mouse. Then the triflourane was switched off
and the mice were transferred to a heated chamber until they were fully recovered. At 8 weeks
post-surgery, the animals were sacrificed using schedule 1 (cervical dislocation) and chambers were

extracted. Membranes were cut open and samples fixed in 10% NBF overnight at 4°C.

2.13 - X-ray analysis

The Omnicure 51500 Dental X-ray machine was used to acquire X-ray images of samples. Images

were then analysed using the Corestream CS7600.

2.14 - Statistical analysis

All experiments were repeated at least three times. Data expressed as mean = standard deviation
(SD). All statistical analysis was undertaken using one-way ANOVA with Tukey post-hoc modification
using IBM SPSS software (IBM Analytics, version 21). P values equal to or lower than 0.05 was

considered significant. For all graphs: * P <0.05, ** P <0.01 and *** P < 0.001.
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Chapter 3 - The Effects of MI192 on the Behaviour and Osteogenic Capacity of Human Dental Pulp

Stromal Cells In vitro and In vivo

The chapter aims to investigate the effects of M1192 on hDPSCs behaviour and osteogenic capacity
in 2D and 3D in vitro and in vivo. Primarily, the general effects of MI192 on hDPSCs were evaluated
by assessing morphology, viability, HDAC activity, H3K9 acetylation and cell cycle. The effects of
MI1192 on hDPSCs osteogenic capacity was assessed by ALPSA, ALP staining, osteogenic gene/protein
expression and mineralisation. These parameters were examined in both 2D and 3D (lyophilised silk
scaffold and BMT model) in vitro culture environments. Finally, the effects of MI192 on hDPSCs bone

formation was investigated in a physiologically relevant in vivo model (diffusion chamber).

3.1 - Background

Within the bone tissue engineering field, BMSCs have been the gold standard MSCs source utilised
due to their well-established characteristics and proven multi-lineage potential (153). However, in
recent years, researchers have looked at alternative sources of MSCs due to limitations associated
with BMSCs such as low yield volume, heterogeneity of differentiation potential, invasive acquisition
and low proliferation rate (222). To date, five different types of stromal cells have been isolated and
characterised from the dental tissues, including DPSCs (223), periodontal ligament stromal cells
(PDLCS) (224), apical papilla stromal cells (225), dental follicle progenitor stromal cells (226) and
stromal cells from exfoliated deciduous teeth (227). DPSCs have attracted increasing attention due
to their ease of accessibility, high proliferation rate and their multi-lineage potential (228). These
cells have been shown to co-express MSC markers, however, they are considered a heterogeneous
population and lack specific markers for the consistent isolation and characterisation of the MSC
population (229). Under sufficient conditions, these cells are able to differentiate into
osteo/odontoblasts (230), indicating its potential utility for bone tissue engineering. In addition,
cryopreservation of the extracted tooth prior to DPSCs isolation is an important advantage of this
MSC source. A number of studies reported that cryopreservation does not affect the viability, MSC
marker expression and differentiation capacity, therefore enhancing the potential therapeutic use of
extracted teeth for future applications (231, 232), which may open a new avenue for the

cryopreservation of extracted teeth prior to DPSCs isolation.

With the growing interest in DPSCs for bone tissue engineering, there are an increasing number of
studies investigating the use of HDACis to enhance the differentiation capacity of these cells. For
example, TSA and VPA have been shown to accelerate DPSCs osteogenic differentiation and

mineralisation in vitro (233, 234). However, the majority of these studies were focused on
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panHDACis. In recent years, research is shifting towards the use of isoform-selective HDACis to
minimise potential side-effects and to enhance differentiation potential. Previously, it was
demonstrated that the HDAC2 and 3 selective inhibitor - MI192 accelerated ADSCs osteogenic
differentiation and mineralisation compared to the panHDACi TSA (214), therefore indicating the

potential effectiveness of utilising selective HDACis for bone tissue engineering applications.

Another key challenge for tissue engineering is the choice of an appropriate biomaterial which can
provide sufficient biological and mechanical properties to mimic natural bone matrix and direct new
tissue growth. A variety of biomaterials have been utilised for bone tissue engineering applications
(184, 235, 236). Silk is a natural polymer that can be found abundantly and easily acquired by
silkworms and spiders. In general, there are two types of silk fibroin, mulberry silk and non-mulberry
silk, acquired from Bombyx mori (BM) and Antheraea mylitta (AM) silkworms respectively (237). The
silk material possesses valuable characteristics such as being biocompatible, biodegradable, highly
porous and controllable mechanical properties (169, 238). Lyophilised silk sponges are highly
tunable in terms of its degradative and mechanical properties, creating a versatile biomaterial for
tissue engineering applications. This material is also favoured by researchers as they are easily
processed via different methods such as electrospinning, hydrogels and cast into complex shapes to
match the application of interest. To date, silk fibroin has been widely utilised for multiple tissue
engineering applications such as cardiac (237), nervous (239), cartilage (169) and bone tissue
engineering (240). Saha et al. (2013) incorporated silk scaffolds with BMP2 (169), while Zhao et al.
(2009) coated their scaffolds with apatite to enhance the osteogenic potential of these constructs
(241). Meinel et al. (2005) used silk scaffolds to repair critical-sized bone defects within mouse
models (242). As this biomaterial has proven its potential for bone tissue engineering, the silk
scaffolds could provide an ideal environment to investigate the effects on MI1192 on stimulating

hDPSCs osteogenic differentiation in 3D culture.

In recent years, increasing studies have utilising scaffolds created from additive manufacturing and
biofabrication techniques. Advances in biofabrication technologies have allowed for the
reproducible creation of biologically functional products with the structural organization of living
cells, biomaterials, cell aggregates such as microtissues, or hybrid cell-material constructs, through
bioprinting or bioassembly and subsequent tissue maturation processes (243, 244). In particular,
modular assembly, where cellular components are combined with a structural scaffold possesses
great potential for bone tissue engineering. An increasingly utilised 3D culture approach in organoid,
cancer and tissue engineering research is the formation of cellular aggregates, termed microtissues

(245-247). The high cell density approach of microtissues have been shown to be beneficial for
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accelerating bone-like tissue formation when compared to 2D and lower density scaffold systems
(245, 248-250). Moreover, it has been demonstrated that high-density culture plays a significant role
in stimulating hDPSCs osteogenic capacity (251, 252). Although the use of microtissues for bone
tissue engineering shows promise, their potential clinical application is limited due to being too
small for large bone defects, lacking spatial organisation and insufficient mechanical properties. To
overcome these limitations, the spatial assembly of these tissue modules by automated
biofabrication processes could allow for the development of more complex constructs, such as to
repair osteochondral defects (81). An example of a modular tissue assembly approach for tissue

engineering applications is the bioassembled microtissue (BMT) construct (253).

The BMT model is a culture system which closely replicates the cell-cell and cell-matrix interactions
that occurs in vivo (253). The CReaTE group at the University of Otago developed a high throughput
process to fabricate pre-cultured microtissues (spheroidal pellets) of regular size and shape, which
were combined with a 3D printed porous scaffold (Fig 3.1) (253). The 3D printed scaffold provides
mechanical reinforcements to the microtissues while increasing the size of tissue formed for large
bone defects. Moreover, this modular assembly method enhances the cell seeding efficiency within
scaffolds, eliminating cell wash out that occurs in conventional 3D models, therefore resulting in a
construct with a high cell load (254). Additionally, this approach allows for the spatial control of
cellular components within a scaffold, avoiding unwanted cellular distribution. This 3D in vitro model
has the potential to accelerate bone-like tissue formation and ultimately lead to enhanced bone
defect repair. Therefore, in addition to assessing the effects of MI192 on hDPSCs osteogenic

differentiation within the silk scaffold, the effects within this novel BMT model were investigated.

Figure 3.1 - Schematic representation of the bioassembled microtissue (BMT) construct. Pre-

cultured microtissues within the pores of a 3D printed scaffold. Reprinted with permission (253).
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To date, limited studies have investigated the effects of HDACis on bone tissue regeneration in vivo
(208, 212); therefore, in the literature, there is a lack of knowledge regarding how these HDACi
therapies behave in physiological conditions. The importance of evaluating the use of HDACis for
bone tissue engineering in vivo was demonstrated by de Boer et al. (2006), where they could not
replicate the enhancement in MSCs osteogenesis upon TSA and NaB treatment which was
previously demonstrated in vitro (74). The diffusion chamber model provides an ideal environment
for cell incubations where it separates the 3D construct from the host cells and tissues (255, 256);
therefore, all new tissue formation within the chamber would be of donor origin. In addition, it
minimises foreign material contamination and infection, providing a much more physiologically
relevant model compared to in vitro culture. Numerous studies have shown the effectiveness of
diffusion chambers for evaluating in vivo bone formation (257, 258). Consequently, this model was
utilised to evaluate the effect of MI192 on hDPSCs bone formation within a 3D construct in a

physiologically relevant environment.

Therefore, the aim of this chapter was to investigate the effects of the HDAC2 & 3 selective inhibitor

- MI192 on the behaviour and osteogenic capacity of hDPSCs in 2D and 3D in vitro and in vivo.
The main objectives of this chapter:

— To evaluate the effects of MI192 on the behaviour and osteogenic capacity of hDPSCs in 2D
in vitro culture (section 3.3.1).
— To determine the effects of MI192 on hDPSCs bone formation within 3D in vitro scaffold
systems:
— BM lyophilised silk scaffold (section 3.3.2).
— Bioassembled microtissue model (section 3.3.3).

— To investigate the effects of M1192 on hDPSCs bone formation in vivo (section 3.3.4).
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3.2 - Materials and Methods
3.2.1 - Cytotoxic effect of M1192 on hDPSCs

Cells were seeded at 1 x 10* cells per well in three 96-well plates in basal medium. After 24 hours,
the medium was replaced with fresh basal medium supplemented with/without M1192 (1, 5, 10, 20,
50, 100 uM) and incubated for 24, 48 and 72 hours. The sample size was three for each group (n=3).
At each time point, one of the plates were used for cytotoxicity assessment. The CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Promega, Cat. no: G9260) was used according to the manufacturer’s
instructions. Briefly, the prepared reagent (100 pl per well) was added directly to the medium of the
plate. The plate was then incubated for 30 minutes at 37°C and the fluorescence was then measured
in a Varioskan Flash Multimode Microplate Reader (Model 3001, Thermo Scientific)
(excitation/emission wavelengths of 488/520 nm). The CytoTox-Fluor Assay is a single-reagent-
addition assay that measures the relative number of dead cells in a cell population. A fluorogenic
peptide substrate (bis-alanyl-alanyl-phenylalanyl-rhodamine 110) reacts with proteases that have

been released from dead cells. The peptide cannot penetrate the membrane of live cells.
3.2.2 - Effect of MI192 on ALPSA in hDPSCs

Cells were seeded in two 24-well plates (5 x 10* cells per well) in basal medium. After 24 hours, the
medium was replaced with MI192 pre-treatment medium (5, 10 and 20 uM MI192 for 24 hours or 1,
2 and 5 uM MI192 for 48 hours). Following pre-treatment, cells were cultured in osteogenic medium
for 2 weeks. Untreated cells in basal or osteogenic medium were used as controls. The sample size
was three for each group (n=3). After culture, cells were processed for ALPSA as described in

Chapter 2.
3.2.3 - Effect of MI192 on hDPSCs ALP staining

Cells were seeded at 5 x 10* cells per well in a 24-well plate in basal medium. After 24 hours, the
medium was replaced with fresh basal medium supplemented with M1192 (2 uM). Untreated cells in
basal medium used as control. Following 48 hours pre-treatment, the medium in both groups was
replaced with osteogenic medium and plates were cultured for 2 weeks. The sample size was three
for each group (n=3). After 2 weeks culture, cells were washed twice in PBS, fixed in 98% EtOH for 15
minutes, and then washed with three washes of dH,0. The samples were incubated with ALP
staining solution (0.4 ml Naphthol AS-MX (Sigma-Aldrich, 855), 4.2 mg Fast Violet B salt (Sigma-
Aldrich, F3381) and 9.6 ml dH,0) for 30 - 60 minutes at 37°C in the dark. Cells were then washed

with dH,0, air dried and observed under a Leica DMI6000 B inverted microscope.
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3.2.4 - Effect of MI192 on the expression of osteogenic genes in hDPSCs

Cells were seeded at 5 x 10* cells per well within 24-well plates in basal medium. After 24 hours, the
medium was replaced with fresh basal medium supplemented with M1192 (2 uM). Untreated cells in
basal medium used as control. Following 48 hours pre-treatment, the medium in both groups was
replaced with osteogenic medium and plates were cultured for O, 3, 5, 7, 14, 21 and 28 days. The
sample size was three for each group per time point (n=3). At each time point, one of the plates was

stopped for RNA isolation, cDNA conversion and RT-qPCR as described in Chapter 2.
3.2.5 - Silk fibroin extraction and biomaterial fabrication

Silk scaffolds utilised in this chapter were provided by Dr Jelena Rnjak-Kovacinas at the University of
New South Wales, Sydney. Briefly, silk fibroin was extracted from BM silk cocoons obtained from
Tajima Shoji Co Ltd (Japan) as previously described (259). BM silk cocoons (5 g) were cut into small
pieces and boiled in sodium carbonate solution for 30 minutes (2L, 0.02 M) (Sigma-Aldrich, 451614)
to remove sericin. Pure silk fibroin was solubilised in aqueous lithium bromide (9.3 M, 25% in wt/v)
for 4 hours at 60°C. Removal of trace solvents was undertaken by dialyzing the solution against dH,0
using SnakeSkin™ Dialysis tubing (3500MWCO, Thermo Fisher Scientific, 68035) for three days and
centrifuged at 8700 RPM to remove debris. The concentration of silk fibroin was determined by
drying and weighing a known volume of solution. Silk fibroin is referred to as silk in this thesis.
Aqueous silk solutions (2 and 5 % in wt/v in dH,0) were transferred into wells of a 24-well plate (3
ml/well). Silk was frozen overnight at -20°C and lyophilised at -80°C for 48 hours. Scaffolds were
removed from moulds and rendered insoluble by autoclaving at 121°C for 20 minutes at 15 psi to
induce beta-sheet formation (260). Samples were rehydrated in sterile deionized H,0. Non-porous

“skin” on top of the scaffolds was removed prior to further assessment.
3.2.6 - Characterisation of silk scaffold

Degradation was determined by placing scaffolds (2 and 5 wt%) (@8 x 5 mm) into 1.5-ml Eppendorf
tubes and dried at 60°C, following which the mass of dry scaffolds was measured. The sample size
was five for each group (n=5). In each tube, Protease XIV solution (2 U/ml in PBS) (Sigma-Aldrich,
P5147) was added and incubated at 37°C. Every 2 days, the solution was removed, and scaffolds
were washed with dH,0, following which samples were dried at 60°C and dry mass was recorded.
Fresh Protease XIV solution was added to samples and the procedure repeated until day 8.
Degradation was calculated as a percentage of remaining mass compared to the mass of the original
scaffold (260). The swelling capacity of the scaffolds (2 and 5 wt%) was assessed using H,O and PBS.
Briefly, dried scaffolds (@8 x 5 mm) were rehydrated in H,O and PBS, following which hydrated
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scaffold weight was recorded. Fold increase in mass was calculated by comparing the scaffold dry
and hydrated mass (260). The sample size was five for each group for each condition (n=5). The
scaffold compressive modulus was determined using an Instron 3365 universal testing machine with
a 50N load cell. Scaffolds (2 and 5 wt%) (@8 x 5 mm) were compressed (10 mm/min) to 90% of
original height and compressive modulus determined between 10 - 30% strain. The sample size was

six for each group (n=6).
3.2.7 - Characterisation of 3D printed PEGT/PBT

The interconnecting pore size of the 3D printed PEGT/PBT scaffolds in the x-y plane and z plane, in
addition to the fibre spacing and diameter was measured from calibrated bright-field images (n=4

for each parameter measured).
3.2.8 - Scanning electron microscopy (SEM)

Microscopic analysis of scaffold surface topography was undertaken by scanning electron
microscopy (SEM). Samples were mounted on 26-mm stubs and gold sputter-coated (40 mA, 60
seconds) and placed in the specimen chamber of a Hitachi S-3400N VP-SEM. Images were acquired

with a 5 kV electron beam and a working distance of 12 - 13 mm.
3.2.9 - Silk preparation before experiments

Lyophilised silk sponges (2 and 5 wt%) were cut with a sterile scalpel blade (@ 5 x 2 mm) and washed
with PBS. Scaffolds were then incubated in a-MEM containing 10% FCS overnight at 37°C. Prior to

the addition of cells, the scaffolds were washed with plain medium.
3.2.10 - Static seeding of cells on silk scaffolds

Briefly, excess media from scaffolds was removed using a 1-ml pipette and air dried. Cell pellets
containing 2 x 10° cells were created using untreated and MI192 pre-treated hDPSCs (2 uM MI192
for 48 hours). Subsequent pellets were re-suspended in 20 ul of basal medium. A concentrated cell
suspension (10 pl) was placed in the bottom of an untreated 24-well plate (Corning, CLS3473-24EA).
Scaffolds were placed on top of the solution for 10 minutes to allow absorption of cell suspension.
After this period, the remaining cell suspension was pipetted on the top of the scaffold and cells
were allowed to adhere for 4 hours within the incubator. 500 pl of basal medium was added to each
well and the scaffold/cells were left overnight to settle. After this period, the basal medium was

removed and replaced with osteogenic medium. The medium was changed every 3 - 4 days. Silk
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constructs were cultured for a subsequent 6 weeks for histological analysis. The sample size was

three for both groups (n=3).
3.2.11 - Microtissue culture and BMT construct assembly

Untreated and MI192 pre-treated hDPSCs (2 uM MI192 for 48 hours) were suspended in 250 pl of
osteogenic medium with 2.5 x 10° cells per well in a v-shaped bottom 96-well plate (Greiner Bio-
One, 651201). Microtissues were formed utilising the procedure described in Chapter 2. After 1
week culture, microtissues were manually transferred into the scaffold (2 microtissues per pore)
using a 1-ml pipette tip to form the BMT construct. A total of 16 microtissues were incorporated into
the scaffold in a bi-layer configuration (8 microtissues per layer). BMTs were cultured in osteogenic

conditions for a subsequent 6 weeks. The sample size was three for both groups (n=3).
3.2.12 - RNA isolation from cell-silk constructs

RNA isolation of cell-laden silk constructs was undertaken after 3, 7, 10 and 14 days in osteogenic
culture. The sample size was four for each group per time point (n=4). Cell-laden silk constructs were
sliced using a sterile scalpel into small pieces and placed into an Eppendorf tube containing 500 pl
RLT buffer. The silk samples were then vortexed for 15 seconds and placed into a sonicator for 15
minutes. This process was repeated four times. The lysate solution was then transferred into the
QlAshredder (Qiagen, 79654) and centrifuged at 10000 RPM for 3 minutes. The lysate was used for

RNA isolation, cDNA conversion and RT-qPCR as described in Chapter 2.
3.2.13 - 3D construct preparation for ALPSA assay

Following osteogenic culture for 2 weeks, cell-laden silk and BMT constructs were processed for
ALPSA assay. Cell-laden silk constructs were washed twice with PBS, cut into thin slices using a sterile
scalpel and then transferred into Eppendorf tubes. Similarly, BMT constructs were washed twice
with PBS and placed in Eppendorf tubes. 500 pl 0.1% Triton X-100 in PBS was added and tubes were
vortexed and sonicated for 5 minutes. Samples were frozen at -80°C then thawed in a 37°C oven,
and the freeze/thaw process was repeated 5 times. Microtissues were homogenised by passing
through a 20-gauge needle between freeze/thaw steps. Following this, samples were centrifuged at
10000g for 10 minutes at 4°C, then lysate was collected and utilised for ALPSA assay described in

Chapter 2. The sample size was four for each group (n=4).
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3.3 - Results
3.3.1 - The Effects of MI192 on the Behaviour and Osteogenic Capacity of hDPSCs in 2D Culture
3.3.1.1 - Effect of MI192 on hDPSCs morphology

After 24 hours of culturing in basal medium with/without M1192, the images show that the hDPSCs
in basal culture exhibited a typical fibroblast-like morphology (Fig 3.2). The cells after treatment with
1 pM MI192 possessed a more flattened/elongated morphology compared to those in the basal
group, with a noticeable number of floating dead/detached cells. In the groups treated with 10 and
20 uM MI192, there was an increased quantity of floating cells/debris. Cells treated with 50 and 100

UM MI192 exhibited the lowest cellular density at this time point.

At the 48 hour time point, cells in the basal group possessed increased cell density compared to the
previous time point with a continuation in the fibroblast-like morphology (Fig 3.2). The cells treated
with 1 uM MI192 also demonstrated a fibroblast-like morphology similar to that in the basal group.
In this group, there was an increase in cell density over the previous time point, although less than
the basal group. In the groups treated with 10 and 20 uM MI192, there was a reduction in the cell
density compared to cells treated with lower MI192 concentrations or under basal conditions.
Following treatment with 50 uM MI192, there was a substantially reduced cell density compared to
lower MI192 concentration groups with increased numbers of the small black dots, while cells
treated with 100 uM MI192 displayed the highest quantity of floating dead/detached cells at this

time point.

After 72 hours, cells in basal conditions reached confluence while still possessing the fibroblast-like
shape observed in earlier time points (Fig 3.2). Following 1 uM MI192 treatment, an increased
quantity of floating dead/detached cells was much more noticeable compared to previous time
points. In the cells treated with 10 or 20 uM MI1192, there was a reduction in the cell density with an
increased number of floating dead/detached cells. Moreover, the cells treated with 50 or 100 uM
MI1192 exhibited very few attached cells, with the highest quantity of floating dead/detached cells at

this time point.
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Figure 3.2 - Phase contrast images of hDPSCs treated with/without a range of MI192 dose (1, 10,
20, 50, 100 uM) for 24, 48 and 72 hours. Scale bar = 100 um.
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3.3.1.2 - Effect of MI192 on hDPSCs metabolic activity

After 24 hours of culturing in basal medium supplemented with/without MI1192 (1 - 100 uM),
AlamarBlue analysis showed a dose-dependent decrease in the metabolic activity of hDPSCs, where
MI192 at 20 uM and higher concentrations significantly reduced the metabolic activity compared to
the untreated group (P < 0.05) (Fig 3.3). MI192 treatment for 48 hours showed a similar dose-
dependent reduction in metabolic activity, however, MI192 at 5 uM and greater concentrations
significantly reduced the metabolic activity compared to the untreated group (P < 0.05). After 72
hours treatment, there was a severe reduction in the metabolic activity where treatment with
MI192 at 1 uM and above concentrations led to a significant reduction compared to the untreated

control group (P < 0.05).
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Figure 3.3 - AlamarBlue analysis of hDPSCs metabolic activity treated with/without a range of
MI192 doses (1, 5, 10, 20, 50, 100 uM) for 24, 48 and 72 hours. Data expressed as mean * SD (n=3).
Significance levels shown are the test groups compared to the basal control for that time point. *P <

0.05.
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3.3.1.3 - Effect of MI192 on hDPSCs DNA quantity

Cells were treated with/without M1192 (1 - 100 uM) for up to 72 hours, and DNA content assessed
via PicoGreen assay. At 24 hours, MI192 caused a dose-dependent reduction in the DNA content,
where MI192 at 5 uM and greater concentrations significantly reduced the DNA quantity compared
to that in the untreated cells (P < 0.001) (Fig 3.4). MI192 treatment for 48 and 72 hours also showed
a similar dose-dependent decrease in DNA content, where MI192 at 1 uM and greater
concentrations significantly decreased the DNA content compared to untreated cells for the same
time points (P < 0.001). For each MI192 concentration, a time-dependent reduction in DNA content

was observed.
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Figure 3.4 - DNA quantification of hDPSCs treated with/without a range of MI192 doses (1, 5, 10,
20, 50, 100 uM) for 24, 48 and 72 hours. Data expressed as mean = SD (n=3). Significance levels

shown are the test groups compared to the basal control for that time point. ***P < 0.001.
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3.3.1.4 - Cytotoxic effect of MI192 on hDPSCs

After 24 hours of culturing in basal medium supplement with/without M1192 concentrations (1 - 100
uM), MI192 at 10 uM and greater concentrations significantly increased the cytotoxicity marker
levels (“dead cell” protease activity) compared to the untreated group (P < 0.05) (Fig 3.5). A similar
dose-dependent increase in the cytotoxicity marker was observed at 48 hours, where MI192
treatment of 5 UM and above significantly enhanced the cytotoxicity levels (P < 0.001). Treatment
with MI192 at 1 uM and greater concentrations for 72 hours significantly enhanced the cytotoxicity

level in hDPSCs compared to the untreated cells (P < 0.001).
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Figure 3.5 - Cytotoxicity analysis of hDPSCs treated with/without a range of MI192 doses (1, 5, 10,
20, 50, 100 uM) for 24, 48 and 72 hours. Data expressed as mean + SD (n=3). The significance levels
shown are the test groups compared to the basal control for that time point. *P < 0.05 and ***P <

0.001.
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3.3.1.5 - Effect of MI192 on HDAC specific activity in hDPSCs

Treatment of hDPSCs with different M1192 concentrations (1 - 50 uM) for 24 and 48 hours, lead to a
significant reduction in the HDAC specific activity (23.4- and 4.1-fold respectively) compared to the
untreated controls in a dose-dependent manner (P < 0.001) (Fig 3.6A). There was also a significant
reduction in the HDAC specific activity between treatments with different M1192 doses for both 24
and 48 hours (P <0.05 - 0.001).

The effects of MI192 pre-treatment for 24 and 48 hours on hDPSCs HDAC specific activity was
assessed following 1 week culture in basal medium. Following MI192 pre-treatment for 24 and 48
hours, HDAC specific activity was significantly reduced (>1.95- and 2.25-fold, respectively) compared
to the untreated cells, in a dose-dependent manner (P < 0.001) (Fig 3.6B). A significant reduction in
the HDAC specific activity was also observed between MI192 doses of 1 and 5 uM (24 and 48 hours)
(P<0.05and P <0.01) and between 20 and 50 uM (48 hours) (P <0.01).
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Figure 3.6 - HDAC specific activity in hDPSCs following MI192 treatment. A) HDAC specific activity
of hDPSCs immediately after 24 and 48 hours MI192 treatment. B) HDAC specific activity of MI1192
pre-treated hDPSCs (24 and 48 hours) after 1 week of culture in basal medium. Data expressed as
mean = SD (n=3). Significance levels shown are the test groups compared to the basal control or

between adjacent MI1192 concentrations at that time point. *P < 0.05, **P < 0.01 and ***P < 0.001.
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3.3.1.6 - Effect of MI192 on histone H3K9 specific acetylation in hDPSCs

Treatment of hDPSCs with different concentrations of MI192 (1 - 50 uM) for 24 hours resulted in a
dose-dependent reduction in the H3K9 specific acetylation levels, where MI192 of 20 uM and
greater concentrations significantly reduced the acetylation levels compared to the untreated group
(P < 0.05). After 48 hours, MI192 treatment caused a dose-dependent increase in the acetylation
level, where MI192 of 1 uM and greater concentrations significantly enhanced the H3K9 specific
acetylation level compared to the untreated control group (Fig 3.7) (1 - 10 uM: P £ 0.05, 20 - 50 pM:
P <0.01).
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Figure 3.7 - H3K9 histone-specific acetylation levels in hDPSCs after treatment with five doses of
MI192 for 24 and 48 hours. Data expressed as mean = SD (n=3). Significance levels shown are the

test groups compared to the basal control for that time point. *P <0.05 and **P <0.01.
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3.3.1.7 - Effect of MI192 on hDPSCs cell cycle progression

HDPSCs were cultured with/without 2 uM MI192 for 24, 48 and 72 hours. The percentage of cells

distributed within the different phases of the cell cycle is shown in Table 3.1 and Figure 3.8. The

representative histograms from the FACS analysis show the number of cells at different stages of the

cell cycle (Fig 3.9).

Table 3.1 - Table of data from the flow cytometry analysis of the cell cycle distribution for hDPSCs.

Cells dosed with/without 2 uM MI192 for 24, 48 and 72 hours. The table shows the average

percentage of cells in each phase of the cell cycle, with the standard deviation (SD).

Go/G1 G./M
S Phase
Phase SD Phase SD SD
Mean %
Mean % Mean %
" Untreated 58.96 2.71 15.14 0.87 25.90 2.81
5
o
N -
§ Mi192 50.14 431 22.09 2.61 27.77 5.14
" Untreated 78.36 4.13 6.18 1.71 15.46 2.45
5
o
N -
g MI192 52.13 7.49 19.00 0.47 28.88 1.17
" Untreated 82.05 1.45 6.06 0.52 11.90 1.93
5
o
N -
N MI192 53.91 3.63 23.37 2.62 22.72 2.99
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Go/G; phase

At the 24 hour stage, the percentage of cells in the Go/G; phase was reduced in the MI192 treated
group (50.14%) compared to the untreated cells (58.96%), however not statistically significant (P >
0.05) (Fig 3.8). However, the percentage of cells significantly decreased in the MI192 treated group
(52.13%) compared to the untreated cells after 48 hours treatment (78.36%) (P < 0.01). A similar
pattern was observed at 72 hours, with MI192 treatment (53.91%) significantly reducing the

percentage of cells in this phase compared to the untreated cells (82.05%) (P < 0.05).

G»/M phase

The percentage of cells in the Go/M phase within the MI1192 treated group (22.09%) was significantly
increased compared to the untreated cells (15.14%) at the 24 hours stage (P < 0.05) (Fig 3.8). At 48
hours, the MI192 treated group (19.00%) continued to exhibit a significantly enhanced G,/M phase
percentage compared to the untreated cells (6.18%) (P < 0.001). At 72 hours, a similar trend was
observed where MI192 treatment (23.37%) substantially increased the number of cells in the G;/M

phase compared to untreated control at this time point (6.06%) (P < 0.001).

S phase

After 24 hours, MI192 treatment (27.77%) increased the percentage of cells in the S phase
compared to the untreated group (25.90%), however not significantly (P > 0.05) (Fig 3.8). At 48
hours, a significant enhancement was observed in the MI1192 treated group (28.88%) compared to
the untreated cells (15.46%) (P < 0.01). After 72 hours treatment, the MI192 treated cells (22.72%)
maintained a significant higher S phase percentage compared to the untreated group (11.90%) (P <

0.001).
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Figure 3.8 - The percentage of hDPSCs in the Go/Gi, Go/M and S phases after treatment
with/without 2 uM MI192 over 24, 48 and 72 hours. Data expressed as mean + SD (n=3). The
significance levels shown are the test group compared to the basal control for that time point. *P <

0.05, **P <0.01 and ***P <0.001.
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Figure 3.9 - Representative histograms from the flow cytometry analysis of hDPSCs cell cycle

distribution dosed with/without 2 uM MI192 for 24, 48 and 72 hours. The first peak represents

cells within the Go/G; phase, the second peak represents cells in the G»/M phase and the area

between the peaks represents cells in the S phase.
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3.3.1.8 - Effect of MI1192 on ALPSA in hDPSCs

Cells were treated with a "safe" range of MI1192 concentrations for 24 (5, 10, 20 uM) and 48 hours
(1, 2, 5 puM) and then cultured in osteogenic conditions for 2 weeks, following which ALPSA was
qguantified. MI1192 pre-treatment for 24 hours at concentrations up to 20 uM significantly reduced
ALPSA (> 1.55-fold) compared to that of the cells in the untreated osteogenic control group in a
dose-dependent manner (P < 0.001) (Fig 3.10A). A significant reduction in ALPSA was also observed
between 10 and 20 uM MI192 groups (P < 0.05).

After 48 hours pre-treatment, cells treated with 1, 2 and 5 uM MI192 showed significantly enhanced
ALPSA (> 1.56-fold) compared to the untreated cells cultured in osteogenic and basal medium (Fig
3.10B) (P £ 0.01). Treatment with 2 and 5 uM MI192 elicited the highest ALPSA compared to the 1
UM MI192 group or the untreated controls (P < 0.01 and 0.001 respectively), although no
significance was observed between 2 and 5 uM MI192 groups (P > 0.05). The osteogenic control
group exhibited significantly increased ALPSA compared to the untreated cells cultured in basal
conditions at both time points (P < 0.01). MI192 pre-treatment for 48 hours was shown to stimulate
hDPSCs ALPSA in different donors shown in the Appendix (Fig Al). The optimised MI192 pre-

treatment condition of 2 uM MI1192 for 48 hours was used for the rest of this study.
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Figure 3.10 - ALPSA of hDPSCs pre-treated with/without MI192 for 24 and 48 hours prior to
osteogenic culture. Cells were pre-treated with MI1192 for, A) 24 hours (5, 10 and 20 uM), B) 48
hours (1, 2 and 5 uM) prior to culture in osteogenic medium for 2 weeks. Untreated cells cultured in
basal and osteogenic medium used as controls. Data expressed as mean + SD (n=3). Significance
levels shown are the test groups compared to the controls or between adjacent MI192

concentrations at that time point. *P < 0.05, **P < 0.01 and ***P < 0.001.
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3.3.1.9 - Effect of MI192 on hDPSCs ALP staining

Figure 3.11 shows the ALP staining of hDPSCs pre-treated with/without 2 uM MI192 for 48 hours,
followed by 2 weeks culture in osteoinductive conditions. Untreated cells cultured in osteogenic
conditions were used as the control. Macroscopic image shows the MI192 pre-treated group
exhibited slightly stronger global ALP staining intensity compared to the untreated control group (Fig
3.11A). The microscopic image shows MI192 pre-treated cells phenotype were much more
flattened/elongated when compared to the control group with higher staining intensity located

within the cells (Fig 3.11B).

Untreated MI192 pre-treated

Figure 3.11 - ALP staining of hDPSCs pre-treated with/without 2 uM MI192 for 48 hours prior to
osteogenic culture for 2 weeks. A) Macroscopic image of the entire field. B) Microscopic images in

high magnification (x 100).
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3.3.1.10 - Effect of MI192 on the expression of osteogenic genes in hDPSCs

Cells were pre-treated with/without 2 uM MI1192 for 48 hours, following which cells were cultured in
osteogenic conditions for up to 28 days. The effects of MI192 on the mRNA levels of key osteoblast-
related genes (RUNX2, ALP, BMP2, COL1A and OCN) were assessed using RT-qPCR (Fig 3.12).

RUNX2

The RUNX2 mRNA levels were significantly reduced in the MI192 pre-treated cells compared to that
in the untreated group immediately post pre-treatment (1.24-fold) (P < 0.05). However, from day 3
to 14, the RUNX2 mRNA levels were similar between both the untreated and MI192 pre-treated
groups (P > 0.05). On day 21 and 28, MI192 pre-treatment significantly upregulated RUNX2 mRNA
expression (1.16- and 1.15-fold, respectively) when compared to that in the untreated cells (P < 0.05

and 0.01, respectively).

ALP

The ALP mRNA expression was significantly upregulated in the MI192 pre-treated cells compared to
that in the untreated cells immediately after pre-treatment (1.24-fold) (P < 0.05). There was no
significant difference in the expression between the test and control groups from days 3 to 14 (P >
0.05), where a time-dependent reduction in the ALP expression was observed in both groups. On
day 21 and 28, the mRNA expression levels recovered, where ALP was significantly higher in the
MI192 pre-treated cells compared to that in the control group (P < 0.01 and P < 0.001, respectively),
with a time-dependent increase in the expression levels in both groups (1.17- and 1.19-fold,

respectively).

BMP2

The BMP2 mRNA expression levels were similar between the groups immediately post pre-
treatment (P > 0.05), however following culture in osteogenic medium, the MI192 pre-treated cells
exhibited a significant increase in the BMP2 mRNA level from day 3 through day 28 (1.15-, 1.2-, 1.28-
, 1.23-, 1.18- and 1.06-fold, respectively), although a time-dependent decrease in the expression

level was observed from day 3 to day 14 in both groups (P < 0.05 - P < 0.001).
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COL1A

The COLIA mRNA expression levels were significantly increased in the MI192 pre-treated cells
immediately after treatment compared to that in the untreated group (3-fold) (P < 0.01). There was
a significant enhancement in the COL1IA mRNA levels in the test group compared to that in the
untreated cells on day 5 and day 14 (1.1- and 1.14-fold) (P < 0.05 and P < 0.01, respectively).
However, there was no significant difference between the groups at days 3, 7, 21 and 28 (P > 0.05).

During the culture period, both groups exhibited a fluctuating expression profile.
OCN

The mRNA expression levels of OCN were similar between the groups on day 0 and day 3 (P > 0.05).
However, the MI192 pre-treated group exhibited significantly enhanced OCN expression by
approximately 1.5-fold on day 5 (P < 0.05), 1.95-fold on day 7 (P < 0.001), 1.81-fold on day 14 (P <
0.001) and 1.17-fold on day 21 (P < 0.001), compared to that in the untreated control at the same
time points. A time-dependent decrease in the expression was observed in both groups from day 5
to day 14, however, the expression level increased in both groups on day 21 and declined again on

day 28.
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Figure 3.12 - Relative expression of osteoblast-related genes in untreated/MI192 pre-treated
hDPSCs after culture in osteogenic medium. Gene expression analysed on day 0, 3, 5, 7, 14, 21 and
28. Data expressed as mean * SD (n=3). Significance levels shown are the test group compared to

the untreated control at the same time point. *P < 0.05, **P < 0.01 and ***P < 0.001.
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3.3.1.11 - Effect of MI192 on the expression of osteogenic proteins in hDPSCs

Cells were pre-treated with/without 2 uM MI1192 for 48 hours, following which cells were cultured in
osteogenic conditions for up to 28 days. The expression of key osteoblast-related markers (Runx2,

ALP, BMP2, Colla and OCN) was also assessed at the protein level using ICW (Fig 3.13).

Runx2

MI192 pre-treatment significantly reduced the Runx2 protein levels on day 7 (1.57-fold) (P < 0.01),
however, significant upregulation in the M1192 pre-treated group was observed on day 14 compared
to that in the control group (1.14-fold) (P < 0.05). On day 21, the expression was reduced in the
MI192 pre-treated group (1.17-fold), however, the reduction was not statistically significant (P >
0.05). On day 28, the expression was significantly enhanced in the MI192 pre-treated group
compared to that in the untreated control (1.5-fold) (P < 0.05). A time-dependent increased in Runx2

protein expression was observed in both groups.

ALP

The ALP protein expression was significantly and consistently upregulated in the MI192 pre-treated
cells on day 7, 14, 21 and 28 (1.35-, 1.21-, 1.48- and 1.51-fold, respectively) compared to that in the
untreated group (P < 0.01 and P < 0.001). Both groups exhibited a time-dependent increase in ALP

protein expression levels.

BMP2

The MI192 pre-treated groups exhibited significantly enhanced BMP2 protein expression compared
to that in the untreated cells at each time point assessed (1.43-, 1.68-, 2.16- and 1.35-fold,
respectively) (P < 0.01 for days 7 and 14, P < 0.001 for day 21 and P < 0.01 for day 28). A time-
dependent increase in the BMP2 expression was observed in both groups, with the peak expression

levels observed on day 21 and 28 for the MI1192 pre-treated and untreated cells, respectively.

Colla

The Colla protein expression levels were significantly upregulated in the MI192 pre-treated cells on
days 7, 14, 21 and 28 compared to the expression in the untreated group at each time point (P <
0.01, P £0.001, P < 0.01, and P < 0.01, respectively). In both groups, cells exhibited a fluctuating
protein expression profile throughout the culture period, with the MI1192 pre-treated cells displaying
increased expression levels at each time point compared to the control (2.24-, 1.71-, 3.15- and 2.17-

fold, respectively).
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OCN

The OCN protein expression levels were significantly elevated in the MI192 pre-treated group (2.12-,
1.15-, 1.26- and 1.4-fold, respectively) compared to that in the untreated cells on day 7, 14, 21 and
28 (P < 0.01 - P £ 0.001). A time-dependent increase in the OCN protein expression levels was

observed in both M1192 pre-treated and untreated hDPSCs.
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Figure 3.13 - Protein expression of osteoblast-related markers in untreated/MI1192 pre-treated
hDPSCs after culture in osteogenic medium. Protein expression levels analysed on day 7, 14, 21 and
28. Data expressed as mean + SD (n=3). Significance levels shown are the test group compared to

the untreated control at the same time point. *P < 0.05, **P < 0.01 and ***P < 0.001.
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3.3.1.12 - Effect of MI192 on hDPSCs calcium deposition and mineralisation

After 48 hours pre-treatment with/without 2 uM MI192 followed by 28 days in osteogenic
conditions, calcium accumulation was identified via Alizarin red staining. Figure 3.14A shows the
MI192 pre-treated hDPSCs possessed extensive red staining for calcium accumulation throughout
when compared to the untreated cells after 28 days in osteogenic conditions. Numerous nodule-like
formations (black arrow) was observed within the MI1192 pre-treated group, while a fewer number

of nodules are visible in the untreated cells.

The Alizarin red stained samples were de-stained, allowing for quantification of calcium
accumulation. Following Alizarin red semi-quantification, the calcium accumulation within the M1192
pre-treated group was significantly enhanced when compared to the untreated group (4.75-fold)

(Fig 3.14B) (P < 0.001).

Following Von Kossa staining for functional mineral nodules, more extensive black staining was
observed in the MI192 pre-treated group compared to the untreated cells (Fig 3.15). The MI192 pre-
treated group exhibited an increased number of mineral nodules (red arrows) compared to the
untreated cells, distributed uniformly throughout. Moreover, the HDACi pre-treated group exhibited
increased Van Gieson’s staining (pink) intensity throughout for collagen deposition compared to the
untreated control, particularly situated with increased intensity in close proximity to the mineral

nodules.
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Figure 3.14 - Effect of MI192 pre-treatment on hDPSCs calcium deposition. (A) Alizarin red staining.
Nodule-like formations highlighted by black arrows. Microscopic images at x 100. (B) Semi-
quantitative analysis of Alizarin red stained untreated/MI192 pre-treated hDPSCs after 28 days

osteogenic culture. Data expressed as mean £ SD (n=3). ***P < 0.001.
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Figure 3.15 - Effect of MI192 pre-treatment on hDPSCs mineral nodule formation. Von Kossa
staining (black) of untreated/MI192 pre-treated hDPSCs after culture in osteogenic medium for 28
days. Mineral nodule formation indicated by the red arrows. Van Gieson’s counterstaining to identify

collagen deposition (pink). Microscopic images at x 100 (top row) and x 200 (bottom row).
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3.3.2 - The Effects of MI1192 on hDPSCs Osteogenic Differentiation in the Lyophilised Silk Scaffolds

3.3.2.1 - Porosity and pore morphology of lyophilised silk scaffolds

SEM analysis of the silk scaffold revealed a highly porous structure, with a network of thin sheet-like

lamellae (Fig 3.16). The thickness of the silk lamellae tended to decrease with silk concentration.

Figure 3.16 - Pore morphology and porosity of 2 and 5 wt% lyophilised silk scaffolds. SEM

micrographs of lyophilised silk scaffolds showing an interconnected network of thin sheet-like

lamellae. Scale bars = 500 (top row) and 250 um (bottom row), respectively.
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3.3.2.2 - Effects of silk concentration on scaffold swelling and degradation properties

Figure 3.17A shows the fold increase in mass following hydration of dry scaffolds in H,O and PBS.
The 5 wt% group exhibited a significant decrease in the mass of scaffolds following hydration in H,O
or PBS when compared to the 2 wt% scaffolds in the same conditions (P < 0.001). The 2 wt% silk
scaffolds absorbed 31.1 + 2.0 (mean + SD) and 31.76 + 0.4 times their mass in H,O and PBS,
respectively. The 5 wt% scaffolds absorbed 17.2 £ 0.4 and 17.2 + 0.5 times their mass in water and

PBS, respectively.

To evaluate the effects of silk concentration on lyophilised scaffold degradation, in vitro degradation
in the presence of Protease XIV was investigated (Fig 3.17B). Degradation of the silk sponges was
assessed after exposure to Protease XIV for 2, 4, 6 or 8 days, showing the percent remaining mass.
At each time point, the remaining mass of 2 wt% silk scaffolds was significantly lower than that of 5

wt% scaffolds (P < 0.05 - 0.001).
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Figure 3.17 - Effect of silk concentration on scaffold swelling and degradation properties. A)
Increasing silk concentration decreases scaffold swelling capacity in both H,O and PBS conditions.
Data expressed as mean = SD (n=5). Significance determined between difference wt% scaffolds in
the same swelling conditions. B) Increasing silk concentration reduces in vitro degradation rate. Data
expressed as mean £ SD (n=5). Significance determined between the different wt% scaffolds at each

time point. *P <0.05 and ***P < 0.001.
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3.3.2.3 - Mechanical properties of lyophilised silk scaffolds

When compressed to 90% of their original size, 5 wt% silk scaffolds were stronger and less elastic
than 2 wt% group (Fig 2.8). The compression modulus of 5 wt% scaffolds was 34.52 + 4.52 kPa (mean
+ SD) and was significantly higher than that of 2 wt% silk scaffolds which showed a modulus of 8.07 +

0.71 kPa (4.3-fold) (P < 0.001).
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Figure 3.18 - Effect of silk concentration on scaffold compressive modulus. Increasing silk
concentration enhanced the compressive modulus of silk scaffolds. Data expressed as mean + SD

(n=6). ***P < 0.001.
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3.3.2.4 - Assessment of hDPSCs viability and distribution within the silk scaffolds

MI192 pre-treated and untreated hDPSCs were seeded on both wt% scaffolds and labelled with
CFMDA to visualise viable cells 24 hours post seeding and after 6 weeks in osteogenic culture (Fig
3.19). The interconnectivity of silk was confirmed by the ingrowth/penetration of fluorescently
labelled cells attached to the internal lamellae network of the scaffold. Within the 2 wt% group,
viable cells in both groups are well distributed throughout, with the majority of the cells exhibiting
an elongated morphology after 24 hours, although a small number of cells possessed a circular
morphology (Fig 3.19A). The cell density between the groups at this time point was similar. After 6
weeks osteogenic culture, cells exhibited a fibroblastic-like morphology and were more uniformly
distributed throughout the scaffold compared to the previous time point. The MI192 pre-treated
cells exhibited a slighter larger/elongated morphology compared to the untreated group at both

time points.

Within the 5 wt% group, viable cells were observed in both groups distributed throughout the
scaffold after 24 hours post seeding (Fig 3.19B). There were two distinct cellular morphologies at this
time point, circular and fibroblastic. At this time point, a higher cell density was observed in the 2
wt% scaffold compared to the higher wt% group. After 6 weeks osteogenic culture, both cell groups
exhibited a more fibroblastic-like morphology which was uniformly distributed throughout the
scaffold, with an increased cell density compared to 24 hours post seeding. Within the 5 wt% group,
cells appeared slightly larger when compared to the same cells in the 2 wt% scaffold after 6 weeks
osteogenic culture. Moreover, MI192 pre-treated cells exhibited a slightly larger/elongated
morphology when compared to untreated cells. Similar to the observations 24 hours post seeding, a
lower cell density was observed in the 5 wt% scaffold compared to the 2 wt% group after 6 weeks

osteogenic culture.
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Figure 3.19 - Fluorescent imaging of viable untreated/MI192 pre-treated hDPSCs (green colour)
within the (A) 2 wt% and (B) 5 wt% silk scaffolds. Viable hDPSCs on 2 and 5 wt% silk constructs after

24 hours and 6 weeks in osteogenic culture. Scale bar = 250 um.
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3.3.2.5 - The effect of MI192 pre-treatment on hDPSCs ALPSA within the 2 and 5 wt% silk scaffolds

Figure 3.20 shows the ALPSA of untreated/MI192 pre-treated hDPSCs cultured within 2 and 5 wt%
silk sponges for 2 weeks in osteogenic culture. Within the 2 wt% group, MI192 pre-treated cells
exhibited significantly enhanced ALPSA when compared to untreated cells (2.17-fold) (P < 0.001). A
similar profile was observed in the 5 wt% scaffolds, where MI192 pre-treated cells possessed a
significantly increased ALPSA (1.93-fold) compared to the untreated group (P < 0.001). The
untreated and MI192 pre-treated cells on the 5 wt% scaffolds displayed significantly higher ALPSA
when compared to the respective cells on the 2 wt% scaffolds (1.43- and 1.27-fold, respectively) (P <

0.001).
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Figure 3.20 - ALPSA in untreated/MI192 pre-treated hDPSCs cultured within the 2 and 5 wt% silk
constructs under osteogenic conditions for 2 weeks. Data expressed as mean + SD (n=4). The
significance levels shown are the test group compared to the untreated control within each wt%

scaffold and between the same cells in different wt% scaffolds. ***P < 0.001.
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3.3.2.6 - The effect of MI192 on hDPSCs osteogenic gene expression within the silk scaffold

The mRNA levels of osteoblast-related genes (RUNX2, ALP, BMP2, COL1A and OCN) were assessed
within untreated and MI192 pre-treated hDPSCs cultured within the 5 wt% silk scaffold throughout

14 days osteogenic culture (Fig 3.21).

RUNX2

The RUNX2 mRNA expression levels were reduced in the MI192 pre-treated group compared to that
in the untreated cells after 3 days of osteogenic culture, however not significantly (P > 0.05). On day
7, the MI1192 pre-treated cells showed significantly upregulated RUNX2 mRNA expression compared
to that in the untreated cells (1.18-fold) (P < 0.001). The expression levels were significantly reduced
in the MI192 pre-treated cells compared to that in the untreated group on day 10 (1.14-fold) and 14
(1.11-fold) (P < 0.001 in both cases). The peak RUNX2 expression was observed on day 7 and day 10

in the MI192 pre-treated and untreated cells, respectively.

ALP

The ALP mRNA expression levels were significantly downregulated in the MI192 pre-treated group
compared to that in the untreated cells after 3 days of osteogenic culture (1.26-fold) (P < 0.001).
After 7 days culture, the MI192 pre-treated cells exhibited a significant upregulation in ALP
expression compared to that in the untreated group (1.49-fold) (P < 0.001). A significant reduction in
ALP mRNA expression was observed in the MI192 pre-treated cells compared to the expression
observed within the untreated cells on day 10 (1.22-fold) (P < 0.001), while no significant difference
in expression was observed on day 14 (P > 0.05). The peak ALP expression was observed in the

MI192 pre-treated and untreated groups on day 7 and day 3, respectively.

BMP2

After 3 days osteogenic culture, the BMP2 mRNA levels were significantly reduced in the MI192 pre-
treated cells (1.24-fold) (P < 0.001), however, on day 7, BMP2 expression was significantly increased
in the MI192 pre-treated group compared to that in the untreated cells (1.23-fold) (P < 0.001). On
day 10, BMP2 mRNA levels were significantly reduced in the MI192 pre-treated cells compared to
that in the untreated group (1.15-fold) (P < 0.05), however, no significance was observed on day 14
(P > 0.05). The BMP2 peak mRNA expression levels were observed on day 7 and day 10 for the

MI192 pre-treated and untreated cells, respectively.

85



COL1A

The COL1IA mRNA expression levels were increased in the MI192 pre-treated group after 3 days
osteogenic culture, however not significantly compared to that in the untreated cells (P > 0.05). On
day 7 and 10, mRNA expression levels were significantly upregulated in the MI192 pre-treated group
compared to that in the untreated control (1.85- and 1.66-fold) (P < 0.01- 0.001), while on day 14
expression levels were similar between the groups (P > 0.05). Within both groups, the COLIA mRNA

expression peaked at day 10.

OCN

The OCN mRNA expression levels were similar between the groups on day 3 (P > 0.05), however, on
day 7 the MI192 pre-treated cells exhibited a significantly upregulated mRNA level when compared
to that in the untreated group (1.13-fold) (P < 0.01). On day 10 and 14, OCN mRNA levels were
significantly increased in the MI192 pre-treated cells compared to that in the untreated group (1.11-
and 1.18-fold) (P < 0.05). A time-dependent increase in OCN mRNA expression was observed in both

groups, with peak expression observed on day 10.

86



RUNX2 ALP

s 77 §1)

m *kk m

[ [

5 8 - 5 10 -

o s

% 7 - % 8 -

oo oo

2 6 - 2 6 -

T (]

g 5 T T T 1 &) 4 T T T 1
Day 3 Day 7 Day 10 Day 14 Day 3 Day 7 Day 10 Day 14

BMP2 COL1A

s 107 s 47

A A *kk

§ 91 § 3 4

Q Q.

3 8 - 3

. 2 24

& 7 & ke

g 6 - g 141 X\\

- - .

1) (]

€ s : . : - : : : .
Day 3 Day 7 Day 10 Day 14 Day 3 Day 7 Day 10 Day 14

OCN

.5 18 ~

g 16 - *x f

214 4 o

[}

Q -

a12 .

o 10 A

Z s

]

g 6 T T T 1
Day 3 Day 7 Day 10 Day 14

—%— Untreated »— MI192 pre-treated

Figure 3.21 - Relative expression of osteoblast-related genes in untreated/MI192 pre-treated
hDPSCs cultured within the 5 wt% silk scaffolds throughout osteogenic culture. Gene expression
analysed on day 3, 7, 10 and 14. Data expressed as mean + SD (n=4). Significance levels shown are
the test group compared to the untreated control at the same time point. *P < 0.05, **P < 0.01 and

***p < 0.001.
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3.3.2.7 - The effect of MI1192 on hDPSCs tissue formation within the silk scaffold

H&E staining showed that both the MI192 pre-treated and untreated hDPSCs were able to penetrate
the 5 wt% scaffolds completely after 6 weeks osteogenic culture (Fig 3.22). Cells within the scaffolds

were able to attach to the internal porous structure and migrate through the pores. The cell

densities between the groups were similar.

MI192 pre-treated
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Figure 3.22 - H&E staining of untreated/MI192 pre-treated hDPSCs within the 5 wt% silk scaffolds
after 6 weeks osteogenic culture. Silk scaffold stained a pink colour and tissues stained a lighter

purple colour. Scale bars = 200 (top row) and 25 um (bottom row), respectively.
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Picrosirius red/Alcian blue staining was performed to assess the effects of MI192 pre-treatment on
the expression of collagens and GAGs in hDPSCs within 5 wt% silk scaffolds after 6 weeks osteogenic
culture (Fig 3.23). Both groups displayed strong Picrosirius red staining for collagens throughout the
scaffold, with particularly strong staining intensity located at the periphery of the construct. The
MI1192 pre-treated group exhibited more uniform Picrosirius red staining throughout the construct
compared to the untreated control. There was little Alcian blue staining for GAG expression in both

groups.

Untreated MI192 pre-treate

& VAR
N Fad

Figure 3.23 - Picrosirius red/Alcian blue staining of untreated/MI192 pre-treated hDPSCs within
the 5 wt% silk scaffold after 6 weeks osteogenic culture. Collagens and GAGs stained with
Picrosirius red and Alcian blue, respectively. Scale bars = 200 (top row) and 25 um (bottom row),

respectively.
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3.3.2.8 - The effect of MI192 on hDPSCs osteogenic protein expression within the silk scaffold

ALP

Within the 5 wt% scaffolds, both the MI192 pre-treated and untreated groups exhibited positive ALP
expression throughout the scaffolds, with the strongest staining intensity located at the periphery of
the construct (Fig 3.24). Between the groups, the MI192 pre-treated construct exhibited a stronger

global ALP staining intensity when compared to the untreated control.

MI192 pre-treated

Figure 3.24 - ALP immunohistochemical staining of untreated/MI192 pre-treated hDPSCs cultured
within the 5 wt% silk scaffolds after 6 weeks osteogenic culture. Positive ALP immunohistochemical
staining (brown), with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row)

and 25 um (bottom row), respectively.
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Colla

The MI192 pre-treated group displayed much stronger Colla protein expression throughout the
scaffold when compared to the untreated group, with the strongest staining intensity situated at the

periphery of the construct in both groups (Fig 3.25).

MI192 pre-treated
PGS PN ST

Figure 3.25 - Colla immunohistochemical staining of untreated/MI192 pre-treated hDPSCs
cultured within the 5 wt% silk scaffolds after 6 weeks osteogenic culture. Positive Colla
immunohistochemical staining (brown), with a weak Harris haematoxylin counterstain (purple).

Scale bars = 200 (top row) and 25 pm (bottom row), respectively.
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OCN

Positive OCN expression was observed in both the MI192 pre-treated and untreated cells within the
5 wt% silk scaffolds, with particular strong staining situated at the periphery of the construct (Fig
3.26). The MI192 pre-treated group exhibited much stronger global staining for OCN throughout the
scaffold compared to the untreated group. Negative immunostaining of untreated and MI192 pre-

treated silk constructs is shown in Figure 3.27.

Untreated MI192 pre-treated
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Figure 3.26 - OCN immunohistochemical staining of untreated/MI192 pre-treated hDPSCs cultured
within the 5 wt% silk scaffold after 6 weeks osteogenic culture. Positive OCN immunohistochemical
staining (brown), with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row)

and 25 um (bottom row), respectively.
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Figure 3.27 - Negative immunohistochemical staining of untreated/MI192 pre-treated hDPSCs

cultured within the 5 wt% silk scaffold after 6 weeks osteogenic culture. Scale bar = 25 pum.

3.3.2.9 - The effect of MI192 on hDPSCs calcium deposition and mineralisation within the silk
scaffold

Alizarin red staining was performed to assess the effects of M1192 pre-treatment on hDPSCs calcium
deposition within the 5 wt% silk scaffold after 6 weeks osteogenic culture. Following histological
analysis, calcium deposition was observed in both groups, with the strongest intensity staining
located towards the outer regions of the construct (Fig 3.28A). The MI192 pre-treated group showed
the strongest Alizarin red staining intensity compared to the untreated group. Semi-quantitative
analysis of Alizarin red staining of the entire silk constructs showed that MI192 pre-treatment
significantly increased calcium deposition compared to that of the untreated group (1.73-fold) (Fig

3.28B).

Von Kossa staining was utilised to assess mineralisation with the silk scaffolds. Mineral nodule
formation was observed throughout the scaffolds, with an increased mineral density situated at the
outer regions of both untreated and MI192 pre-treated constructs (Fig 3.29). A larger quantity of
mineral nodules (red arrows) was observed throughout the scaffolds in the MI192 pre-treated group

when compared to the untreated group.
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Figure 3.28 - Calcium deposition of untreated/MI192 pre-treated hDPSCs cultured within the 5
wt% silk scaffold after 6 weeks osteogenic culture observed by Alizarin red staining. A) Alizarin red
staining of histological sections. Scale bars = 200 (top row) and 100 um (bottom row), respectively.
B) Semi-quantitative analysis of Alizarin red stained entire constructs. Data expressed as mean = SD

(n=3). ***P < 0.001.
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Figure 3.29 - Mineral nodule formation of untreated/MI192 pre-treated hDPSCs cultured within
the 5 wt% silk scaffolds after 6 weeks osteogenic culture observed by Von Kossa staining. Mineral
nodule formation indicated by red arrows. Weak Harris haematoxylin counterstain (purple). Scale

bars = 100 (top row) and 25 pm (bottom row), respectively.
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3.3.3 - The Effects of MI1192 on hDPSCs Osteogenic Differentiation within the BMT construct

3.3.3.1 - Macroscopic analysis of 3D printed PEGT/PBT scaffold

The 3D printed PEGT/PBT scaffolds possessed a fibre spacing of 958.7 + 29.1 um, a pore size of 748.6
+ 23.1 um, and fibres width of 241.2.7 + 19.9 um (mean + SD) (Fig 3.30A). The double stacking of
printed fibres in the 0, 0, 90, 90° conformation, allowed for the creation of a pore height of 764.8 +
24.7 um. Representative bright-field images of the 3D printed plotted scaffold (top and sectional

view) are shown in figure 3.30B.

A
Pore size
x-y plane (um) z plane (um) Fibre diameter (um) Fibre spacing (um)
748.6 £23.1 764.8 £24.7 241.2.7+19.9 958.7+£29.1
B Top view Sectional view

—_——— —_——— 200 um

Figure 3.30 - Characteristic parameters of PEGT/PBT scaffolds. A) The scaffold pore size in the x-y/z
plane and the fibre diameter/spacing. Data expressed as mean * SD (n=4). B) Bright-field images of
the top view and sectional view of the PEGT/PBT scaffold. The red dotted circles (1 mm diameter)

indicate the position of incorporated microtissues within the scaffold. Scale bar = 200 um.
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3.3.3.2 - Surface topography and 3D architecture of 3D printed PEGT/PBT scaffold

Figure 3.31A and B show the surface topography of the top and bottom layers of the 3D printed
PEGT/PBT scaffold. From the top-down view, a smooth surface topography was observed. The
bottom-up view of the construct showed a roughened surface due to the contact with the cold plate
while printing. Figures 3.31C and D show a lower magnification tilted image of these scaffolds

demonstrating their unique fibre stacking conformation.

10.0kV 7.7mm x50 SE

10.0kV 18.3mm x27 SE . 10.0kV 18.2mm x27 SE

Figure 3.31 - SEM images of 3D printed PEGT/PBT scaffolds. A) Top-down view of PEGT/PBT scaffold
demonstrating a smooth topography with even fibre thickness throughout. B) Bottom view of
scaffold showing roughened surface due to adhesion to the printing plate. C) & D) Tilted views
demonstrating the printing configuration and pore height of scaffold. Scale bars = 1 (top row) and 2

mm (bottom row), respectively.
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3.3.3.3 - BMT construct assembly

After 7 days pre-culture in v-shaped bottom 96-well plates, hDPSC microtissues were manually
transferred into the pores of the 3D printed PEGT/PBT scaffold using 1-ml pipette tips. The 3D
printed scaffolds were designed with a 1-mm fibre spacing, which allowed for the press-fit of two
hDPSC microtissues per pore. Therefore, a total of 16 microtissues were incorporated per scaffold in
a bi-layered configuration, with 8 microtissues per layer. Figure 3.32 shows a macroscopic image of
the BMT immediately after formation in situ. The black/white arrows show the location of the

incorporated microtissues/3D printed scaffold, respectively.

Figure 3.32 - Macroscopic image of assembled BMT construct. /n situ image showing BMT construct
immediately after manual incorporation of hDPSC pre-cultured microtissues (black arrow) into the

3D printed PEGT/PBT scaffold framework (white arrow). Scale bar = 300 um.
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3.3.3.4 - Assessment of BMT cellular viability

The MI192 pre-treated and untreated hDPSC BMTs were labelled with CFMDA/EthD-1 to visualise
the viable/dead cells 24 hours after BMT assembly via CLSM (Fig 3.33). The scaffold absorbed the
EthD-1 dye in both groups. The scaffold possessed a generally smooth topography with no cells
attached after 24 hours. The rough scaffold surface topography observed in the untreated group
was due to contact with the cold stage during printing. Within the microtissues, a large majority of

cells were viable in both groups, with a low number of dead cells visible.

Untreated MI192 pre-treated

Figure 3.33 - Merged Live/Dead fluorescent images of untreated/MI192 pre-treated hDPSC BMT

constructs 24 hours post assembly (Live cells green, dead cells red). Scale bar = 300 um.
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3.3.3.5 - The effect of MI192 on hDPSCs osteogenic gene expression in microtissue culture

The mRNA expression levels of osteoblast-related genes (RUNX2, ALP, BMP2, COL1A and OCN)
within untreated and MI192 pre-treated hDPSC microtissues were assessed throughout 21 days

osteogenic culture (Fig 3.34).

RUNX2

After 7 days osteogenic culture, the RUNX2 mRNA levels within the MI192 pre-treated cells were
upregulated compared to that in the untreated group, however not significantly (P > 0.05). A similar
increase in the RUNX2 expression was observed in the MI1192 pre-treated cells compared to that in

the control cells on days 14 and 21, although not significant (P > 0.05).

ALP

The ALP mRNA expression levels were significantly increased in the MI192 pre-treated group
compared to that in the untreated cells on day 7 (1.10-fold) (P < 0.05). After 14 days osteogenic
culture, mRNA expression levels remained significantly enhanced within the MI192 pre-treated
group compared to that in the untreated cells (1.25-fold) (P < 0.01), however, expression levels were

similar between the groups on day 21 (P > 0.05).

BMP2

The BMP2 mRNA expression levels were significantly upregulated in the MI192 pre-treated cells
compared to the expression within the untreated control on day 7 (1.04-fold) (P < 0.05). A similar
significant enhancement in BMP2 mRNA levels was observed in the MI192 pre-treated cells

compared to that in the control cells on day 14 (1.19-fold) (P < 0.001) and 21 (1.03-fold) (P < 0.05).

COL1A

In the MI192 pre-treated group, COL1A mRNA expression levels were significantly upregulated on
day 7 (3.81-fold) (P < 0.001) and 14 (1.24-fold) (P < 0.01) compared to that in the untreated cells,

however, expression levels were similar between the groups on day 21 (P > 0.05).

OCN

OCN mRNA expression levels were significantly increased in the MI192 pre-treated cells on day 7
compared to that in the untreated group (1.24-fold) (P < 0.001). On day 14 and 21, expression
remained significantly upregulated in the MI1192 pre-treated cells compared to that in the untreated

group (1.09- and 1.02-fold) (P < 0.05 and P < 0.001).
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3.34 - Relative expression of osteoblast-related genes in untreated/MI192 pre-treated

hDPSC microtissues under osteogenic conditions. Gene expression analysed on day 7, 14 and 21.

Data expressed as mean * SD (n=4). Significance levels shown are the test group compared to the

untreated control at the same time point. *P <0.05, **P <0.01 and ***P < 0.001.
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3.3.3.6 - The effect of MI1192 on hDPSCs ALPSA in BMT culture

ALPSA in MI192 pre-treated and untreated hDPSC BMT constructs cultured under osteogenic
conditions was assessed (Fig 3.35). The MI192 pre-treated group exhibited a substantially enhanced
ALPSA (2.35-fold) when compared to the untreated group after 2 weeks in osteogenic culture (P <

0.05).
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Figure 3.35 - ALPSA in untreated/MI192 pre-treated hDPSC BMT constructs. ALPSA assessed after
BMT constructs cultured under osteogenic conditions for 2 weeks. Data expressed as mean + SD

(n=4). *P < 0.05.
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3.3.3.7 - The effect of M1192 on hDPSCs tissue formation within the BMT construct

Histological analysis was undertaken to assess the effect of MI192 pre-treatment on hDPSC tissue
formation within the BMT construct after 6 weeks osteogenic culture. H&E staining showed that
within the untreated and MI192 pre-treated groups, the incorporated tissue modules occupied the
entire void volume of the 3D printed scaffolds, where microtissues fusion was observed within the
constructs (Fig 3.36). Additionally, microtissues in both groups formed around the internal scaffold

fibres (black arrows) (scaffold fibres dislodges during histological analysis).

Untreated MI192 pre-treated
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Figure 3.36 - H&E staining of untreated/MI192 pre-treated hDPSC BMT constructs after 6 weeks

osteogenic culture. Scaffold fibres highlighted by the black arrow. Scale bars = 200 (top row) and

100 um (bottom row), respectively.
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Picrosirius red/Alcian blue staining was also utilised to evaluate the effects of M1192 pre-treatment
on hDPSCs collagen and GAG expression within the BMT construct after 6 weeks osteogenic culture
(Fig 3.37). Within the untreated group, strong Picrosirius red staining was located at the periphery of
the individual microtissues with weaker staining situated within the core of each tissue module. The
MI192 pre-treated group also displayed strong staining for Picrosirius red; however, the collagen
expression was distributed more uniformly throughout the construct when compared to the
untreated BMT. Additionally, the MI192 pre-treated group possessed an increased number of
circular nodules (black arrows), which exhibited the strongest Picrosirius red intensity within the
construct, when compared to the untreated BMT. Moreover, the untreated construct exhibited an
increased GAG accumulation when compared to the MI192 pre-treated group, particularly located

within the core of the microtissues.
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Figure 3.37 - Picrosirius red/Alcian blue staining of untreated/MI192 pre-treated hDPSC BMT
constructs after 6 weeks osteogenic culture. Collagen and GAG staining with Picrosirius red and
Alcian blue, respectively. Strong Picrosirius red staining located in circular nodules highlighted by the

black arrows. Scale bars = 200 (top row) and 50 um (bottom row), respectively.
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3.3.3.8 - The effect of MI192 on hDPSCs osteogenic protein expression within the BMT construct
ALP

Both BMTs formed by MI192 pre-treated and untreated hDPSCs displayed strong ALP staining
throughout the construct after 6 weeks of osteogenic culture, however, the MI192 pre-treated
group exhibited slightly stronger global ALP staining when compared to the untreated control group
(Fig 3.38). Additionally, the MI192 pre-treated group possessed a higher quantity of circular nodules
(black arrows) which expressed the strongest ALP staining intensity within the construct, when

compared to the untreated group.

Untreated
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Figure 3.38 - ALP immunohistochemical staining of untreated/MI192 pre-treated hDPSC BMT

constructs after 6 weeks osteogenic culture. Positive ALP immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Strong ALP expression located at the nodule-
like formations highlighted with the black arrows. Scale bars = 50 (top row) and 25 um (bottom row),

respectively.
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Colla

The MI192 pre-treated group exhibited strong Colla protein staining within the core and periphery
of each microtissue (Fig 3.39). In comparison, the untreated group expressed much weaker Colla
staining throughout the construct, with slightly stronger staining situated at the outer regions of the
microtissue. The strongest Colla expression was located in close proximity to the nodule-like
formations (black arrows) within the constructs, which was at an increased density within the M1192

pre-treated group.
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Figure 3.39 - Colla immunohistochemical staining of untreated/MI192 pre-treated hDPSC BMT
constructs after 6 weeks osteogenic culture. Positive Colla immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Strong Colla expression located at the
nodule-like formations highlighted with the black arrows. Scale bars = 50 (top row) and 25 um

(bottom row), respectively.
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OCN

Positive OCN protein expression was present in both MI192 pre-treated and untreated BMTs with
strong staining located throughout the construct (Fig 3.40). The MI192 pre-treated constructs
exhibited strong OCN staining intensity distributed uniformly throughout the microtissues. Within
the untreated group, similar OCN staining intensity was observed at the periphery of each
microtissue, with weaker staining situated at the core of each incorporated tissue module. The
strongest OCN protein staining is situated in the nodule-like formations (red arrows) observed within

the microtissues, which were at a higher quantity within the MI1192 pre-treated group.

MI192 pre-treated

Figure 3.40 - OCN immunohistochemical staining of untreated/MI192 pre-treated hDPSC BMT
constructs after 6 weeks osteogenic culture. Positive OCN immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Strong OCN expression located at the
nodule-like formations highlighted with the red arrows. Scale bars = 50 (top row) and 25 um

(bottom row), respectively.
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Negative immunostaining of MI192 pre-treated and untreated BMT constructs after 6 weeks

osteogenic culture is shown observed in Figure 3.41.

Untreated MI192 pre-treated

BA

Figure 3.41 - Negative immunohistochemical staining of untreated/MI192 pre-treated hDPSCs

BMT constructs after 6 weeks osteogenic culture. Scale bar = 25 um.

3.3.3.9 - The effect of MI1192 on hDPSCs mineralisation within the BMT construct

Following Von Kossa staining, functional mineral nodules were observed in both BMT groups. The
MI192 pre-treated BMT possessed substantially stronger black staining intensity throughout the
construct when compared to the untreated group (Fig 3.42). Moreover, the MI1192 pre-treated BMT
exhibited enhanced quantity and size of functional mineral nodules compared to the untreated
construct, with these nodule-like formations displaying the strongest Von Kossa staining intensity

within the BMT constructs (red arrows).
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Figure 3.42 - Mineral nodule formation of untreated/MI192 pre-treated hDPSC BMT constructs
after 6 weeks osteogenic culture observed by Von Kossa staining. Red arrows indicate mineral

nodules. Scale bars = 50 (top row) and 25 um (bottom row), respectively.
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3.3.4 - The Effects of MI1192 on hDPSC BMT in vivo bone formation

3.3.4.1 - Macroscopic and X-ray analysis of hDPSC BMT constructs

Within the diffusion chambers, the 3D printed PEGT/PBT scaffold in both groups remained intact
after 8 weeks intraperitoneal implantation. Within each group, microtissues which were
incorporated prior to placement within the chambers remained within the scaffold framework (Fig
3.43A). No tissue formation was observed in the regions surrounding the BMT construct in the
chamber. The X-ray images show strong radio-opacity within the construct particularly in regions
where the microtissues were incorporated within the scaffolds (Fig 3.43B). The scaffolds framework
possessed a much-reduced radio-opacity compared to the microtissue regions. From the images, no
clear difference in radio-opacity was observed between the MI192 pre-treated and untreated

groups.

Untreated MI192 pre-treated

h

Figure 3.43 - Macroscopic and X-ray images of untreated/MI192 pre-treated hDPSCs BMT

constructs after 8 weeks in vivo implantation. A) Macroscopic images immediately post extraction.

B) X-ray radiographs of BMTs following extraction.
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3.3.4.2 - The effect of MI1192 on hDPSCs tissue formation during BMT in vivo implantation

Histological analysis was undertaken to investigate the effects of MI192 pre-treatment on hDPSCs
tissue formation within the BMT construct following 8 weeks in vivo implantation (Fig 3.44).
Following H&E staining, within both groups incorporated microtissues were seen occupying the
internal volume of the 3D printed scaffold, where the fusion of microtissues within the scaffold
framework and around the internal scaffold fibres was observed (scaffold fibres dislodged during
histological analysis). The MI192 pre-treated group displayed much denser tissue formation which
was uniformly distributed throughout the construct when compared to the untreated control.
Moreover, within the MI192 pre-treated group, a greater degree of tissue organisation was

observed, with each microtissue exhibiting a unidirectional stratified tissue distribution.

Untreated MI192 pre-treated
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Figure 3.44 - H&E staining of untreated/MI192 pre-treated hDPSC BMT constructs after 8 weeks in

vivo implantation. Scale bars = 200 (top row) and 100 um (bottom row), respectively.
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Figure 3.45 shows Picrosirius red/Alcian blue staining for collagens and GAGs within MI192 pre-
treated and untreated hDPSC BMTs following 8 weeks in vivo implantation. The MI192 pre-treated
BMT exhibited positive collagen expression throughout, with increased expression intensity located
at the outer regions of the microtissues and at the periphery of the construct. In comparison, the
untreated group exhibited weaker Picrosirius red staining which was expressed at a similar staining
intensity throughout the BMT. Collagen deposition followed the uniform direction of tissue
formation in the MI192 pre-treated group, while the expression in the untreated group was more
aberrant in nature. Additionally, the untreated group exhibited positive Alcian blue staining for GAG
accumulation which was distributed uniformly throughout the construct. Much weaker underlying

Alcian blue staining was observed in the MI1192 pre-treated BMT construct.
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Figure 3.45 - Picrosirius red/Alcian blue staining of untreated/MI192 pre-treated hDPSC BMT
constructs after 8 weeks in vivo implantation. Collagens and GAGs stained with Picrosirius red and

Alcian blue, respectively. Scale bars = 200 (top row) and 25 um (bottom row), respectively.
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3.3.4.3 - The effect of MI192 on hDPSCs osteogenic protein expression during BMT in vivo

implantation

Colla

Positive Colla expression was observed in the untreated BMT group primarily located at the edges
of individual microtissues within the construct (Fig 3.46). The MI192 pre-treated group exhibited
much stronger Colla staining intensity throughout the construct, with the strongest staining located

at the edges of individual microtissues.

Untreated

Figure 3.46 - Colla immunohistochemical staining of untreated/MI192 pre-treated hDPSC BMT
constructs after 8 weeks in vivo implantation. Positive Colla immunohistochemical staining
(brown), with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 25

um (bottom row), respectively.
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OCN

Figure 3.47 shows OCN protein immunostaining of MI192 pre-treated and untreated hDPSC BMTs.
The untreated group exhibited positive OCN staining which was expressed aberrantly throughout
the construct. Within the MI1192 pre-treated group, positive OCN staining was observed at a much
stronger staining intensity compared to the untreated group. Additionally, protein staining was
distributed more uniformly throughout the construct when compared to the untreated group, with a

slight increase in expression intensity observed at the outer regions of the individual microtissues.
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Figure 3.47 - OCN immunohistochemical staining of untreated/MI192 pre-treated hDPSC BMT
constructs after 8 weeks in vivo implantation. Positive OCN immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 25 um

(bottom row), respectively.
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3.3.4.4 - The effect of MI192 on hDPSCs chondrogenic protein expression during BMT in vivo

implantation
AGG

Positive AGG expression was observed in the untreated group throughout the construct, with
increased intensity observed at the periphery of the construct (Fig 3.48). The MI192 pre-treated

group exhibited much-reduced staining intensity for AGG within the BMT construct.

Untreated

Figure 3.48 - AGG immunohistochemical staining of untreated/MI192 pre-treated hDPSC BMT
constructs after 8 weeks in vivo implantation. Positive AGG immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 25 um

(bottom row), respectively.
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Col2a

Positive expression of Col2a was observed in both the MI192 pre-treated and untreated hDPSCs
BMTs (Fig 3.49), however, the untreated group exhibited much stronger staining intensity for this
protein, particularly located in one quadrant in the construct. Negative immunostaining of untreated

and MI192 pre-treated hDPSC BMT constructs after 8 weeks in vivo implantation is shown in figure

3.50.

Untreated MI192 pre-treated

{

Figure 3.49 - Col2a immunohistochemical staining of untreated/MI192 pre-treated hDPSC BMTs
after 8 weeks in vivo implantation. Positive Col2a immunohistochemical staining (brown), with a
weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 25 um (bottom row),

respectively.

116



Untreated MI192 pre-treated

Figure 3.50 - Negative immunohistochemical staining of untreated/MI192 pre-treated hDPSC
BMTs after 8 weeks in vivo implantation. Scale bars = 200 (top row) and 25 um (bottom row),

respectively.
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3.3.4.5 - The effect of MI1192 on hDPSCs calcium deposition and mineralisation during BMT in vivo

implantation

Calcium deposition of MI192 pre-treated and untreated hDPSC BMT constructs was assessed
following Alizarin red staining (Fig 3.51). The MI192 pre-treated group possessed strong Alizarin red
staining intensity distributed uniformly throughout the construct. Within the untreated BMT,
calcium deposition was observed throughout the construct at a much-reduced staining intensity
compared to the MI192 pre-treated group. Increased staining intensity was situated at the outer

regions of individual microtissues in both groups.

Untreated

Figure 3.51 - Calcium deposition of untreated/MI192 pre-treated hDPSC BMT constructs after 8
weeks in vivo implantation observed by Alizarin red staining. Scale bars = 200 (top row) and 100

um (bottom row), respectively.
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Von Kossa staining on MI192 pre-treated and untreated hDPSC BMT constructs was performed to
assess mineral nodule formation within the constructs (Fig 3.52). Within both groups, strong black
staining was observed throughout the constructs, with particular increased intensity at the outer
regions of the individual microtissues. However, the MI1192 pre-treated group exhibited substantially

increased black staining intensity throughout the BMT.

Untreated MI192 pre-treated
8. PPt B U 4 g L

Figure 3.52 - Mineralisation of untreated/MI192 pre-treated hDPSC BMT constructs after 8 weeks

in vivo implantation observed by Von Kossa staining. Scale bars = 200 (top row) and 100 um

(bottom row), respectively.
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3.4 - Discussion

Within the bone tissue engineering field, a plethora of MSCs from different sources have been
evaluated for bone augmentation strategies. In recent years, research has evaluated the use of
alternative sources for MSCs such as DPSCs due to the ease of procurement, high rate of
proliferation and osteogenic potential when compared to the gold standard BMSCs (261).
Additionally, several studies have demonstrated cryopreservation does not affect the stem cell
properties of DPSCs (231, 232), therefore providing considerable potential for tissue engineering
applications, as extracted teeth are routinely discarded as medical waste. Although studies have
reported successful utilisation of MSCs for bone tissue engineering, the development of clinically
relevant bone tissue has not yet been achieved. Therefore, alternative methods to stimulate the
osteogenic capacity of MSCs have been investigated. Epigenetic approaches for tissue engineering
applications have garnered increasing attention due to their ability to alter MSCs transcriptional
potential without altering the underlying DNA sequences. An increasing number of studies have
demonstrated the potential of using HDACi compounds to stimulate MSCs osteogenic differentiation
(74, 209), however, the majority of these studies have utilised panHDACis, which are associated with
reduced differentiation efficacy and potential side-effects (213). Studies have demonstrated the
importance of HDAC3 in osteogenesis due to its repression of the key osteogenic transcription factor
Runx2 (140, 262). Previously, it was demonstrated that the selective HDAC2 and 3 inhibitor - M1192
stimulated the osteogenic potential of ADSCs when compared the panHDACi TSA (214). Therefore,
the aim of this chapter was to determine the effects of MI192 on the behaviour and osteogenic

capacity of hDPSCs on 2D and 3D in vitro and in vivo.

3.4.1 - The effects of MI1192 on hDPSCs general behaviour in 2D culture

Various studies have shown that cancerous cells exhibit increased sensitivity to HDACi induced cell
death compared to normal cells (129). For example, MS-275 and SAHA have been shown to halt the
growth of normal human breast fibroblasts and embryonic lung fibroblasts but lead to rapid cell
death of only the cancerous, transformed cells such as T-cell leukaemia and multiple myeloma (263).
Therefore, to enhance the safety and efficacy of HDACi therapeutics, elucidating the effects of
HDACis on normal cells (263), in particular MSCs is essential for potential clinical translation. In this
study, the effects of MI1192 treatment on hDPSCs morphology, metabolic activity, DNA content and

cytotoxicity levels were evaluated.

From the morphological assessment, MI192 treatment induced a more flattened/elongated

morphology, a phenotype associated with terminally differentiated osteogenic cells (209, 264). This
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change in morphology correlated with similar findings by Lee et al. (2009) when human umbilical
cord blood-derived MSCs (hUCSCs) and ADSCs were treated with VPA (264), while Paino et al. (2014)
reported similar observations in VPA-treated hDPSCs (209). Moreover, Schroeder et al. (2005)
demonstrated a flattened/elongated morphology of MC3T3-E1 osteoblast cell line treated with TSA,
VPA and NaB (113). In this study, this morphological change was most evident in cells treated with
lower concentrations of MI192 (< 20 uM), while higher concentrations altered the cells' appearance
to a more condensed morphology. Moreover, within the higher MI1192 groups (> 20 uM), an
increased quantity of floating dead/detached cells in addition to decreasing attached cell density
was observed, which was increasingly evident in a time-dose dependent manner. MI192 treatment
of ADSCs showed similar effects on increasing quantity of floating dead/detached cells and reduced
cell density, although no elongation in morphology was observed at low MI192 doses (214), likely
due to the differences in the osteogenic capacity of ADSCs and hDPSCs (265). Together, the effects
of MI192 on changing morphology, decreasing cell density and increasing quantity of floating

dead/detached cells indicates the cytotoxicity of this HDACI.

The effects of MI1192 on hDPSCs metabolic function and cell health were assessed. The AlamarBlue
assay was utilised as it is regarded as a reliable, fast and high-throughput approach to assess viability
(218). Additionally, this method has been utilised by studies investigating the effects of HDACis on
the viability of cancer cell lines (TSA and SAHA on neuroblastoma BE (2)-C and MCF7 breast cancer
cell lines, respectively) (266, 267). Upon MI192 treatment, a time-dose dependent reduction in the
metabolic activity of hDPSCs was observed. Boissinot et al. (2012) reported a similar decrease in the
metabolic activity of leukaemia cell lines following MI192 treatment (100). Moreover, the results in
this study were consistent with those performed previously, where MI192 reduced the metabolic
activity of ADSCs (214). This time-dose dependent decrease in metabolic function is likely an
indication of the cytotoxic effects of MI192 as only viable cells are metabolically active, correlating
with the morphological assessment results. However, the effects of HDACis on halting cell cycle
progression (i.e. proliferation) may result in suspending/reducing the metabolic activity of the cells,

with studies reporting close association of cell cycle and metabolic regulation (268, 269).

DNA quantification was undertaken to determine the effects of M1192 on hDPSCs proliferation and
cell death, as indicated from the previous viability analysis (270). PicoGreen quantification of DNA
content has been reported to provide a more accurate assessment of proliferation compared to
metabolic assays (271). A time-dose dependent decrease in hDPSCs DNA content was observed
following MI192 treatment, replicating the previous viability results in this study (morphological

and metabolic assessment). The reduction in DNA content induced by MI192 is likely attributed
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to halting cellular proliferation at lower MI192 doses/duration, while at higher MI192
doses/duration the cytotoxic effects of this HDACi are more prominent. It is important to note
that these results do not take into consideration the number of detached viable cells which may
recover and reattach, as these floating cells would be wash away prior to DNA quantification.
Several studies have indicated the potential of HDACIis in affecting the adhesion properties of
cells (272, 273), therefore potentially resulting in the increased quantity of floating cells

observed in the MI192 treatment groups from the morphological assessment.

The effect of MI192 on hDPSCs cytotoxicity was evaluated using the CytoTox-Fluor Cytotoxicity
Assay. A time-dose dependent increase in the cytotoxicity marker was detected upon MI192
treatment, consistent with the other viability findings in this study. The data acquired from the
cytotoxicity assay provides a more accurate indication of the cytotoxic effects of MI192, as this
analysis measures the relative number of dead cells by assessing the release of protease activity
(274). As this assay quantifies the release of protease from membrane permeable cells, if MI192
treatment caused damage to the cells, it may result in the release of protease into the medium. As
with various studies utilising HDACis, these results clearly demonstrate that prolonged treatment
with M1192 has a detrimental effect on cell viability; therefore, to investigate the effects of M1192

on stimulating osteogenesis, the exposure of this compound on hDPSCs must be tightly controlled.

The cell cycle is key in regulating normal cellular functions such as proliferation, differentiation and
apoptosis (119). Numerous studies have reported that HDAC2 and 3 isoforms are involved in cell
cycle regulation (119, 275), and HDACi compounds have been demonstrated to halt cells at various
stages of the cell cycle (276, 277). In this study, 2 uM MI192 was used to assess the effects on
hDPSCs cell cycle progression due to the limited cytotoxicity induced and sufficiently enhancing
H3K9 acetylation (Fig 3.7). Moreover, this treatment condition enhanced the osteogenic capacity of
hDPSCs, as demonstrated in the ALPSA result (Fig 3.10). MI192 treatment was found to halt the
accumulation of hDPSCs in the Go/G; phase, increasing the percentage of cells in the S and G,/M
phase when compared to the untreated control. These findings indicate the role of MI192 in halting
cell cycle progression through the G,/M checkpoint. This checkpoint is where cells monitor for and
repair DNA damage before cell division occurs. Therefore, the accumulation in this phase induced by
MI192 may be due to the cell's response to DNA damage, where studies have demonstrated this
effect with other HDACis (278, 279). DNA damage is often associated with cycle arrest, followed by
induced apoptosis, particularly in cancer models. HDACi treatment on cancer cells has been shown
to halt cell cycle progression at the G,/M phase, allowing for the activation of the cell’s apoptotic

mechanisms (112). The effects of HDACis on normal cells are less pronounced compared to
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cancerous cells, due to the intact cell cycle checkpoints (113). Therefore, the accumulation in the
G,/M phase is likely due to the effects of this HDACi in halting proliferation rather than inducing
apoptosis, as the MI192 concentration utilised (2 puM) exhibited limited cytotoxicity. Jiang et al.
(2014) reported similar findings where adult neural stem/progenitor’s cells knockdown for HDAC3
were unable to pass the G,/M phase, emphasising the role of HDAC3 in controlling the progression
through this phase via stabilisation CDK1 (119). Xu et al. (2013) also reported that Vorinostat
treatment halted BMSCs at the G»/M phase (19). Moreover, the results of the present study were
consistent with findings acquired previously with MI192 treated ADSCs (214). Zhang et al. (2017)
showed a similar increase in the G,/M phase following osteogenic induction of a hBMSC cell line
(PTA-1058), indicating the increase in this phase induced by HDACis, may be linked to halting
proliferation and preparing cells for differentiation (280). Therefore, the results of this study indicate
MI1192 synchronises hDPSCs cell cycle progression at the G,/M phase, demonstrating the role of this

HDAC i in halting proliferation and priming cells for differentiation.

MSCs have been shown to be highly sensitive to epigenetic changes (281), indicating the potential of
utilising HDACi compounds for enhancing MSCs efficacy for bone tissue engineering applications.
Due to this, it is essential to acquire a deeper understanding of the possible mechanisms in which
MI192 alters the epigenome of hDPSCs. In this study, MI1192 treatment significantly reduced hDPSCs
HDAC specific activity after 24 and 48 hours compared to the untreated cells, correlating with results
acquired with this inhibitor on Hela, PC3 and ADSCs (100, 282). In previous studies, it was
demonstrated that 10 uM MI192 decreased HDAC activity by ~49% after 24 hours treatment in both
Hela and PC3 cells (100, 282), while the results of this study showed a ~83% reduction after 24
hours treatment. This indicates that MI192 exhibits increased potency in reducing HDAC activity in
MSCs compared to Hela and PC3 cells lines. Furthermore, 10 uM MI192 treatment for 24 and 48
hours reduced ADSCs HDAC activity by approximately 2.4- and 2.7-fold (214), while in this study
HDAC activity was reduced by ~6- and ~6.8-fold in the same conditions, likely attributed to the
differences in MSC phenotype. Following 1 week in basal culture, the MI192 pre-treated hDPSCs
continued to exhibit a significant reduction in HDAC activity when compared to the untreated cells
(~48% and ~55% reduction after 24 and 48 hours pre-treatment, respectively). The sustained
inhibition of HDAC activity 1 week after the removal of MI192, demonstrates the slow binding
kinetics of this HDACi on hDPSCs (100), which may be beneficial in augmenting the osteogenic
capacity of MSCs. Additionally, in the literature, it has been demonstrated that HDACi incubation
downregulates the expression of HDAC enzymes, correlating with the prolonged HDAC inhibition

observed in this study (283, 284).
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With MI192 demonstrated to inhibit HDAC activity in hDPSCs, the downstream effects of this
inhibition on histone acetylation was assessed. H3K9 acetylation levels were evaluated as
acetylation at these sites indicates a transcriptionally permissive chromatin structure (71). The
findings in this study showed that only MI1192 treatment for 48 hours significantly enhanced H3K9
acetylation levels when compared to untreated cells. This result is of particular importance as it
confirms the HDAC inhibition induced by MI192 has a positive downstream effect on histone
acetylation levels, demonstrating this HDACi is an effective epigenetic regulator for hDPSCs. More
importantly, it has been suggested that the first and one of the most vital changes that occur in
modifying the epigenome is altering the transcriptional potential of the cell, subsequently
augmenting gene expression (209, 212, 285). It was demonstrated that MI192 was unable to
increase H3K9 acetylation of cells after 24 hour treatment, therefore introducing osteogenic
medium whilst the cell's chromatin remains condensed, will hinder the potency of osteoinductive
growth factors. Boissinot et al. (2012) reported that MI192 exhibited a >250-fold selectivity for
HDAC2/3 when compared to other HDAC isoforms (100). Therefore, due to this increased selectivity,
within the MI1192 pre-treated cells uninhibited HDAC enzymes could still remain and deacetylate the
substrate at the 24 hour time point. MI192 treatment for 48 hours increased H3K9 acetylation
levels, indicating this pre-treatment duration would enhance the efficacy of the introduced

osteogenic growth factors, as confirmed by the ALPSA results (Fig 3.10).

3.4.2 - The effects of MI192 on hDPSCs osteogenic capacity in 2D culture

In the literature, panHDACis has been demonstrated to stimulate MSCs osteogenesis (209, 212),
however, the use of these non-selective HDACis are associated with limitations (213). Consequently,
there is a growing precedence to evaluate the efficacy of isoform-selective HDACIs to stimulate
MSCs osteogenic capacity. Therefore, in this study, the effects of MI192 on hDPSCs osteogenic
differentiation was investigated via assessing ALPSA, osteoblast-related gene/protein expression,

calcium deposition and mineralisation in 2D in vitro culture.

It was previously reported that prolonged culture with MI192 during osteogenic differentiation
reduced the osteogenic capacity of ADSCs, in addition to having a detrimental effect on cell viability
(214). Therefore, a pre-treatment strategy was adopted to limit the cytotoxic effects of this HDACI,
consistent with studies in the literature (209, 286). In this study, a “safe range” of MI192
concentrations (5, 10, 20 uM for 24 hours and 1, 2, 5 uM for 48 hours) were utilised to evaluate the
effect of M1192 on hDPSCs ALPSA, an early indicator of osteogenesis. MI192 pre-treatment for 24
hours (5, 10 and 20 uM) significant reduced hDPSCs ALPSA in a dose-dependent manner compared

to the untreated osteogenic control. After 48 hours pre-treatment, 2 and 5 uM MI192 significantly
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enhanced ALPSA when compared to the 1 puM MI192 group and the untreated controls. No
significance was observed between the 2 and 5 uM groups, therefore the lower concentration was
selected to minimise potential side-effects associated with HDACi exposure. Additionally, it was
demonstrated that 2 uM MI192 pre-treatment increased hDPSCs ALP staining levels, with the M1192
pre-treated cells exhibiting a more flattened/elongated morphology, replicating the observations
from the morphological assessment in this chapter (Fig 3.2). Interestingly, the ALPSA findings
correlated with the acetylation results (Fig 3.7), where after 24 hours treatment a dose-dependent
reduction in histone H3K9 acetylation was observed, while MI192 treatment for 48 hours
significantly enhanced acetylation. The correlation of the acetylation and ALPSA profiles induced by
MI192 indicates the importance of chromatin transcriptional permissiveness in stimulating the
differentiation of hDPSCs. This indicates that after MI1192 treatment for 48 hours, the induced
hyperacetylation enhanced the transcriptional permissiveness of the chromatin, allowing for
increased potency of introduced/intrinsic osteogenic growth factors. Moreover, this pre-treatment
condition might be the dosage/duration necessary to selectively inhibit HDAC3 to a sufficient
degree, resulting in the enhanced efficacy of the Runx2 transcription factor to stimulate downstream

expression of osteoblast-related markers.

Several studies in the literature have demonstrated the effectiveness of HDACis in stimulating ALP
activity. De Boer et al. (2006) reported enhanced ALP activity of human and goat BMSCs treated with
TSA (74). Xu et al. (2013) showed that Vorinostat enhanced the ALP activity of BMSCs (19).
Moreover, MI192 pre-treatment of 30 uM for 48 hours significantly increased ADSCs ALPSA (214).
The differential MI192 treatment conditions required to stimulate ALPSA in ADSCs and DPSCs is
likely attributed to the phenotypic differences between these MSCs. It has been demonstrated that
DPSCs possesses a greater osteogenic potential than ADSCs (265), therefore requiring less
stimulation to induced osteogenesis. The enhancement in ALPSA stimulated by M1192 within hDPSCs
and ADSCs, indicate the efficacy of the pre-treatment strategy utilised, likely aided by the slow
binding kinetics of this inhibitor demonstrated by the HDAC activity results in this chapter (Fig 3.6)
and in the literature (100). Additionally, Xu et al. (2005) demonstrated the down-regulation in
HDAC3 protein expression in SAHA treated BV-173 leukaemia cell lines (283). HDAC3 act as a co-
repressor for the transcription factor Runx2, which is integral for initiating osteogenesis (140). In this
study, it is likely a similar down-regulation in HDAC3 expression occurs within the HDACi treated
hDPSCs, although due to MI192 selective inhibition of HDAC3, a greater reduction in HDAC3
expression may be observed compared to the use of panHDACiIs, although this would require further
investigation. This could have contributed to the increased stimulation in ADSCs ALPSA induced by

MI192 when compared to the panHDACI TSA reported previously (214).
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Although confirming MI192 pre-treatment for 48 hours significantly increased hDPSCs ALPSA, donor
variability is known to influence MSCs differentiation potential (287, 288). Therefore, the effects of
MI192 pre-treatment (1, 2 and 5 uM for 48 hours) on the ALPSA of hDPSCs acquired from three
different donors were assessed, shown in the Appendix (Fig Al). The results of this study showed
that 2 uM MI192 for 48 hours significantly promoted ALPSA when compared to the 1 uM MI192
group and the untreated cells in all three donors. 5 uM MI192 significantly increased ALPSA
compared to 1 uM and the untreated osteogenic control, although was decreased compared to the
2 UM MI192 in donor 1 and 2. The findings from this study clearly demonstrate that MI192 pre-
treatment for 48 hours significantly increased hDPSCs ALPSA in all three donors, indicating M1192
stimulation of hDPSCs ALPSA was not donor-dependent. These findings were consistent with the
effects of MI192 on promoting the ALPSA of ADSCs acquired from multiple donors (214), providing
more substantial evidence in regards to the efficacy of MI1192 in stimulating MSCs osteogenesis in
the clinical setting. Due to the greater fold increase in ALPSA induced by 2 uM MI192 pre-treatment
acquired from donor 1 and for practicality reasons, cells from this donor was utilised to further
investigate the effects of MI192 on hDPSCs in this chapter. The optimised MI1192 pre-treatment

condition of 2 uM for 48 hours was subsequently utilised for the rest of this chapter.

Increasing evidence has suggested that MSCs multi-lineage potential is determined by
developmental regulation of certain transcription factors and lineage-specific genes (289). The
mRNA levels of osteoblast-related genes have been shown to be altered in the presence of HDACis
due to their regulation of the cell’s epigenetics (209, 212, 285). To acquire a better understanding of
the mechanisms in which M1192 stimulates hDPSCs osteogenic differentiation, the effects of MI192
pre-treatment on hDPSCs osteoblast-related gene expression and the subsequent downstream

protein production during osteogenic culture were assessed using RT-qPCR and ICW, respectively.

Runx2 is known to be the osteogenic lineage-specific transcription factor and has been shown to be
key in promoting osteogenic differentiation and mineralisation via the stimulation of osteoblast-
related markers (290). Immediately post-treatment, RUNX2 mRNA levels were significantly reduced
in the MI192 pre-treated cells compared to that in the untreated group. As MI192 is known to
selectively inhibit HDAC3, the co-repressor of the Runx2 transcription factor (144), this may result in
alleviating Runx2 inhibition, therefore causing negative feedback repression of RUNX2 gene
expression in the MI192 pre-treated cells. Interestingly, at day 21 and 28, RUNX2 mRNA levels were
significantly upregulated in the MI192 pre-treated cells. The initial downregulation and then delayed
upregulation in RUNX2 gene expression within the MI192 pre-treated hDPSCs replicated a similar

profile observed in the MI192 pre-treated ADSCs (214), indicating a similar mechanism of action
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induced by MI192 in these MSCs. The protein expression of this transcription factor after 7 days
osteogenic culture was reduced in the MI192 pre-treated cells, while expression was significantly
upregulated on day 14 and 28, consistent with the RUNX2 gene expression profile. It is important to
note that ICW measures total Runx2 protein within the cell, therefore, does not distinguish between
HDAC3 bound/unbound transcription factors. Consequently, it is likely the MI1192 pre-treated cells
would possess an increased quantity of unbound, transcriptionally active Runx2, due to its selective
inhibition of HDAC3. Moreover, hyperacetylation induced by HDACis is known to affect non-histone
proteins such as transcription factors, in addition to its effect on chromatin remodelling (291). Jeon
et al. (2006) reported that BMP2 increased p300 acetylation of Runx2 in Runx2-transfected HEK293
and C2C12 cells, inhibiting Smurfl-mediated degradation of Runx2, ultimately enhancing its stability
and transcriptional activity (292). Hence, the hyperacetylation observed in the MI192 pre-treated
cells may results in enhancing Runx2 transcriptional activity and stability, although this would
require further investigation. Studies have also reported that HDACi treatment resulted in the
downregulation HDAC expression (283, 291), therefore it is possible MI192 inhibits HDAC3

expression within hPDSCs, further increasing Runx2 transcriptional activity.

BMP2 is a potent osteogenic growth factor with a strong ability to induce ectopic bone formation
(293). This bone associated growth factor acts to induce osteogenic differentiation via enhancing
ATF6 transcription factor expression, which in turn promotes the expression of later osteogenic
markers such as ALP (294). In this study, MI192 pre-treatment caused a significant upregulation of
BMP2 mRNA expression levels at all time points assessed compared to that in the untreated cells. It
has been suggested that RUNX2 is a downstream target of BMP2, therefore BMP2 may potentiate
osteogenic differentiation in an autocrine and paracrine manner, as this growth factor is commonly
used in osteogenic differentiation protocols (295, 296). This sustained upregulation in BMP2 mRNA
levels induced by MI192 likely promoted the expression of this growth factors’” downstream targets,
as confirmed by the enhanced expression of RUNX2 and ALP in the MI192 pre-treated cells in this
study. MI192 pre-treatment of ADSCs enhanced BMP2 expression on day 3 alone which differed
from the findings of this study, likely attributed to the differences in MSCs phenotype/osteogenic
potential (265). ICW analysis showed MI192 pre-treatment increased BMP2 protein expression
within hDPSCs compared to the untreated cells throughout osteogenic culture, consistent with the
MRNA expression results. Phimphilai et al. (2006) proposed that BMP signalling is an essential
component to Runx2 dependent osteogenesis (296), and Hu et al. (2013) confirmed this in ADSCs
with the addition of BMP antagonist, Noggin, resulting in a decrease in the RUNX2 mRNA levels
(290). The intimate coupling of BMP2 and RUNX2 during osteogenesis, correlated with the mRNA

expression profiles observed in this study. In addition, there is evidence which suggests RUNX2 and
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BMP2 expression increases steadily throughout DPSCs osteogenic differentiation (209, 297),

consistent with the mRNA and protein expression profiles acquired in this study.

The mRNA levels of the early osteogenic marker, ALP, was significantly upregulated in the MI1192
pre-treated cells immediately post-treatment, likely contributing to the enhanced ALPSA and ALP
staining observed in the MI192 pre-treated hDPSCs in this study. MI192 pre-treatment likely
increased the potency of intrinsic osteogenic growth factors within hDPSCs via enhancing the
transcriptional permissiveness of the chromatin, resulting in the enhanced ALP mRNA levels at this
time point. The upregulation of ALP expression immediately post-treatment suggests MI192 is
capable of directing osteogenic lineage-specific differentiation without the introduction of the
osteogenic medium, likely due to inhibition of the bone-associated HDAC3 isoform (140).
Additionally, the initial spike in ALP expression may be induced by the increased BMP2 mRNA
expression levels observed at the early time points. From day 3 to 14, ALP expression was at similar
levels between the groups, likely caused by negative feedback repression induced by the previously
elevated ALP levels within the MI192 pre-treated group. Moreover, MI192 increased expression on
day 21 and 28 compared to the untreated cells, replicating a similar late upregulation with RUNX2
and BMP2 in this study. This late upregulation of these early markers indicates this pre-treatment
condition is sufficient in potentiating the osteogenic phenotype of these cells, underlying the
importance of the slow binding kinetics of this inhibitor (100). Additionally, Huynh et al. (2016)
reported the downregulation in HDAC3 protein expression upon TSA treatment on hPDLCs (291).
Therefore, a similar inhibition may occur within the MI1192 pre-treated hDPSCs, resulting in the
prolonged upregulation of these osteogenic markers after the removal of this HDACi. M1192 pre-
treatment of ADSCs significantly upregulated ALP expression at early time points (day 5 and 7), while
expression was significantly downregulated at later time points (day 14 and 21) compared to the
untreated ADSCs (214). This expression profile did not correlate with the result acquired in this
study, likely attributed to hDPSCs possessing a more advanced osteogenic phenotype compared to
ADSCs (265). ICW analysis showed that ALP protein expression was significantly upregulated in the
MI192 pre-treated cells compared to the untreated group at all times points assessed, consistent

with the gene expression, ALPSA and ALP staining results acquired in this study.

The mRNA levels of COL1A, a key bone extracellular matrix protein (113), were significantly
upregulated in the MI192 pre-treated cells immediately post-treatment. This indicates MI192 is
capable of enhancing the expression of this marker prior to the introduction of the osteogenic
medium, further supporting the lineage-specificity of this HDACI. It was previously reported that

MI192 controlled the lineage-specific differentiation of ADSCs, by stimulating osteogenic
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differentiation and inhibition of adipogenic differentiation (214). The increase in COL1A expression
observed in this study is likely attributed to the basal phenotype of hDPSCs, as these cells are known
to possess greater osteogenic capacity compared to other MSCs such as BMSCs (298). Therefore,
hDPSCs would possess many of the required growth factors intrinsically to maintain this more
advanced osteogenic phenotype. It is likely the hyperacetylation induced by MI192 increased the
access of these intrinsic growth factors into the transcriptionally permissive chromatin, resulting in
the upregulation of ALP and COL1A immediately post-treatment. Additionally, COL1IA mRNA levels
were significantly increased in the MI192 pre-treated cells on day 5 and 14, which is expected for
this mid-late stage marker. A similar upregulation in COL1A gene expression was observed in TSA
treated hPDLCs (291). Moreover, MI192 pre-treated ADSCs displayed a significant down-regulation
in mRNA levels at day 3, while at day 7 expression levels were significantly increased in the HDACi
treated cells (214). The phenotypic difference between these MSCs, such as the basal phenotype
and osteogenic potential (265), were likely responsible for the differential COL1A expression induced
by MI192. At the protein level, a similar observation was observed where MI192 pre-treatment
significantly increased Colla protein expression throughout osteogenic culture, consistent with the

gene expression finding in this study.

The mRNA levels of OCN, the noncollagenous extracellular matrix protein (33), was substantially
enhanced in the MI192 pre-treated hDPSCs throughout the culture period assessed compared to
that in the untreated cells, consistent with the observations from TSA treated hPDLCs (291). OCN
protein production was also significantly upregulated in the M1192 pre-treated cells, indicating the
accelerated osteogenic maturation, consistent with the mRNA expression findings. Piano et al.
(2014) pre-treated hDPSCs with VPA and showed a significant reduction in mRNA and protein
expression of OCN, indicating this HDACi inhibited osteogenic maturation (209). Additionally,
silencing of HDAC2 resulted in decreasing OCN expression in Saos-2M osteosarcoma cell line,
indicating the importance of HDAC2 in regulating OCN mRNA expression (209). Although MI192
selectively inhibits HDAC2 and 3 isoforms (100), in this study, no downregulation in OCN expression
was observed likely due to MI192 selective inhibition of HDAC3, which VPA does not possess. Due to
the alleviation of Runx2 inhibition from HDAC3, the enhanced transcriptional activity of Runx2 in the
MI192 pre-treated cells likely stimulated the transcription of several of its downstream target genes
(299), such as OCN. Schroeder et al. (2004) used a transient transfection assay to show that HDAC3
suppressed the Runx2 mediated activation of the OCN promoter region, which reiterates the
importance of the HDAC3-Runx2 interaction (140). Furthermore, these authors inhibited HDAC3
within MC3T3 preosteoblasts utilising small interfering RNAs (siRNA) and reported increased OCN

expression, while the Runx2 mRNA levels remain unchanged (140), similar to the observations
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acquired in this study. Interestingly, previous work showed that MI192 pre-treatment reduced OCN
mRNA expression in ADSCs compared to the untreated cells throughout 21 days of osteogenic
culture (214). As hDPSCs possesses a greater osteogenic capacity compared to ADSCs (265), this
likely has a significant role in promoting the expression of this maturation marker. Together, these
results demonstrate MI1192 pre-treatment is capable of enhancing the mRNA and protein expression

of key osteoblast-related markers within hDPSCs.

Both Alizarin red and Von Kossa staining are often used for identifying calcium deposition and
functional mineral nodule formation, respectively (300). The MI192 pre-treated hDPSCs exhibited
increased calcium deposition and possessed extensively enhanced mineral nodule formation when
compared to the untreated controls, indicating M1192 pre-treatment is able to not only accelerate
the accumulation of calcium within the cells but stimulate the formation of functional mineral which
is a key attribute for bone tissue engineering applications. The enhanced expression of key
osteoblast-related matrix proteins (ALP, Colla and OCN) observed in the MI192 pre-treated hDPSCs
(Fig 3.13), likely promoted mineral nodule deposition within the more mature extracellular matrix,
as these protein are key in initiating the mineralisation process (301-303). This correlated with the
enhanced Van Gieson’s counterstaining for collagen deposition observed in the MI1192 pre-treated
group following Von Kossa staining. Similarly, numerous studies combining HDACis and MSCs for
bone augmentation strategies have shown accelerated mineralisation compared to untreated
controls (19, 286). Additionally, the results of this study replicated the effects of MI192 pre-
treatment on ADSCs (214), indicating the capability of this HDACi in enhancing the mineralisation
capacity of MSCs acquired from multiple tissue sources. Together, the findings of this study clearly

demonstrate the capability of MI192 in promoting the osteogenic capacity of hDPSCs in 2D culture.

3.4.3 - The effects of MI1192 on hDPSCs osteogenic differentiation in the lyophilised silk scaffold

Numerous studies have demonstrated the ability of HDACis to enhance MSCs osteogenic
capacity in 2D culture (290, 291), however, the use of 3D in vitro models have been limited.
Paino et al. (2014) demonstrated VPA pre-treatment enhanced hDPSCs osteogenesis within
collagen scaffolds (209), which as of writing, is the only study to date combining HDACi treated
hDPSCs with a scaffold system. This emphasises the current lack of knowledge in the literature
of how HDACI treated hDPSCs behave in the 3D environment for bone augmentation strategies.
Studies have evaluated the effects of HDACis in enhancing MSCs bone formation in vivo after 2D
in vitro assessment, avoiding the 3D in vitro validation step (215, 286). The importance of 3D in
vitro validation was demonstrated by de Boer et al. (2006), where the effects of NaB and TSA on

hBMSCs bone formation within a calcium phosphate scaffold were assessed in vivo (74). The
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results acquired were inconclusive and did not correlate with prior 2D in vitro investigation with
these HDACis (74, 113, 212), underlining the importance of evaluating the effects of MI192 on

hDPSCs within 3D in vitro culture as a pre-clinical validation step.

To investigate MI192 pre-treated hDPSCs osteogenic capacity in the 3D environment, BM silk
scaffolds were chosen as this biomaterial possesses several desirable properties for tissue
engineering applications such as their biocompatibility, biodegradability and ease of
manufacture (304). Primarily silk scaffolds have been utilised for soft tissue engineering
applications (237, 305); however, the use of these scaffolds may provide insufficient mechanical
strength to support the bone defect. Therefore, silk scaffolds exhibiting enhanced mechanical
properties may promote its clinical potential for load-bearing tissues. Lyophilised silk scaffolds,
2 wt%, which has previously been characterised for soft tissue engineering applications (260)
and a 5 wt% scaffold were utilised in this study. Therefore, in this study, the lyophilised silk
scaffolds were characterised and the effects of MI192 pre-treatment on hDPSCs osteogenic

differentiation within this 3D culture environment were investigated.

Characterisation of silk scaffolds was undertaken by assessing the effects of silk concentration
on surface topography, mechanical properties, degradation and swelling rate. The SEM
micrographs showed the silk scaffolds displayed a highly porous surface topography. This
reflects the biocompatible nature of this biomaterial, where possessing a highly porous surface
topography favours cell attachment (169, 306). Additionally, the porous structure indicates the
scaffold allows for the subsequent migration and proliferation of the cells within the scaffold
but also suggests sufficient nutrient/waste diffusion within the construct. The 5 wt% scaffold
possessed thicker internal sheet-like lamellae compared to the 2 wt% scaffold due to increased

silk concentration, consistent with the work performed previously (169, 260).

Although increasing silk concentration is expected to enhance the mechanical properties of the
scaffold, it is important to quantify the differences between the two wt% sponges. Moreover,
altering silk concentration may impact other scaffold properties such as degradation and
swelling characteristics. From the swelling analysis, it was clear that increasing silk
concentration reduced the swelling capacity of the scaffold. This indicates increasing the
concentration of silk, likely reduced the internal void volume/porosity of the scaffold. Another
important scaffold characteristic for bone tissue engineering is their degradation rate (150, 151).
Following Protease XIV incubation, the results demonstrated that the 2 wt% scaffold exhibited a
significantly faster degradation rate compared to the 5 wt% scaffold. Although the use of

Protease XIV in vitro is not exactly a physiologically relevant condition, it provides an indication
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of the effects of silk concentration on the degradation of the scaffold in vivo. The degradation
rate of the scaffold should be similar to the de novo tissue formation (238), therefore evaluating
the effects of cell-laden silk constructs in vivo would provide a more accurate assessment of
degradation rate of these scaffolds. Following mechanical testing, the 5 wt% scaffolds exhibited
substantially increased compressive modulus compared to the 2 wt% construct (4.28-fold). The
effect of silk concentration on degradation and mechanical properties were consistent with the
data acquired in the literature (260). Therefore, these results indicate the higher wt% scaffold
would provide enhanced mechanical strength which is desirable for load-bearing tissues;
however, it is important to evaluate the effects of MI192 on hDPSCs behaviour and osteogenic

capacity within these scaffold systems.

Distribution of cells within the silk scaffolds was assessed by fluorescent labelling. Visualisation
of dead cells was not undertaken due to the scaffolds ability to absorb the dead dye. Following
CLSM, viable cells are distributed throughout both wt% scaffolds after 24 hours post seeding.
Cells within these scaffolds possessed two distinct morphologies, a rounded and a fibroblast-like
morphology. These exist as cells which migrated into the scaffold the fastest attach to the pores
within the scaffold and spread into the fibroblastic morphology associated with hDPSCs (168).
The cellular interactions observed within the scaffolds were consistent with numerous studies
utilising silk (169, 214). The MI192 pre-treated cells exhibited a slightly flattened/elongated
morphology when compared to the untreated counterparts. This morphology observed within
the HDACi treated cells, indicates a more mature osteogenic phenotype, correlating with similar
findings acquired from the monolayer study (Fig 3.2 and 3.11) and the literature (168, 209). The
5 wt% scaffold possessed a higher quantity of cells exhibiting the rounded morphology
compared to cells within the 2 wt% scaffold, indicating the increased material volume in the
higher wt% group restricted cellular attachment, spreading and migration through the scaffold
at this time point. The 2 wt% scaffolds possessed an increased cell density compared to the 5
wt% scaffolds. This is likely due to the reduced scaffold volume and increased porosity within
the 2 wt% scaffold, indicated from the SEM micrographs and swelling analysis (Fig 3.16 and
3.17), allowing for increased cell migration and proliferation compared to the higher wt% group.
Rnjak-Kovacina et al. (2015) reported similar findings with hBMSCs within lower silk
concentration scaffolds exhibited increased cell proliferation compared to higher wt% scaffolds

(260).
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After 6 weeks in osteogenic culture, a greater difference in cell density was observed in the 5
wt% scaffold between the time points compared to the lower wt% group. It is probable the
increased material volume within this scaffold, indicated by the increased lamellae thickness
and enhanced mechanical strength (Fig 3.16 and 3.18), restricted migration and proliferation to
a greater degree compared to the 2 wt% scaffold at the earlier time point. The MI192 pre-
treated cells on both wt% scaffolds exhibited a more flattened/elongated morphology when
compared to the untreated cells, correlating with the observation at the 24 hour time point.
This change in morphology indicates the MI192 pre-treated cells possessed a more advanced
osteogenic phenotype compared to the untreated group (209, 291). This did not correlate with
the morphology observed in MI192 pre-treated ADSCs on AM silk scaffold (214), possibly due to
differences in MSCs and scaffold utilised. Interestingly, the MI192 pre-treated cells appeared to
exhibit a larger/elongated morphology when compared to the same cells on the 2 wt% scaffold
at this time point. This may indicate the influence of the increased scaffold stiffness in

stimulating the osteogenic phenotype of the MI192 pre-treated hDPSCs within the silk sponge.

The effects of MI192 on stimulating hDPSCs osteogenic capacity within the silk scaffolds were
initially evaluated by quantifying ALPSA after 2 weeks osteogenic culture. In both wt% scaffolds,
MI192 pre-treatment enhanced hDPSCs ALPSA compared to the untreated cells (~2-fold), clearly
demonstrating the efficacy of this HDACi in stimulating the osteogenic capacity of hDPSCs in this 3D
environment, consistent with the ALPSA findings in the monolayer study (Fig 3.10). Interestingly,
these results showed that the ALPSA of the MI192 pre-treated and untreated cells within the 5 wt%
scaffolds were significantly higher compared to their corresponding cells in the 2 wt% scaffolds,
1.27- and 1.43-fold, respectively. This implies that the increased mechanical properties exerted by
the 5 wt% scaffold were integral in promoting the osteogenic capacity of hDPSCs, correlating with
the CLSM observations. Numerous studies have investigated the effects of scaffold mechanical
properties, more specifically scaffold stiffness in affecting lineage-specific differentiation of MSCs
(307-309). The behaviour of MSCs is tightly regulated by the environment in which they exist, where
the external microenvironment/scaffold stiffness affects key cellular processes such as proliferation
and differentiation (310, 311). This indicates the importance of scaffold mechanical properties not
only for supporting the macroscopic defect site but also at the microscale affecting
mechanotransductive interactions with MSCs (312). Having demonstrated that both MI192 pre-
treated and untreated cells exhibited significantly enhanced ALPSA on the 5 wt% scaffold, the higher
wit% silk was utilised to further analyse the effects of MI192 pre-treated hDPSCs osteogenic

differentiation within the silk scaffold.

133



The effects of M1192 pre-treatment on hDPSCs mRNA expression levels of key osteoblast-related
genes was assessed within the 5 wt% silk scaffolds during osteogenic culture. The expression of
early osteoblast-related genes (RUNX2, BMP2 and ALP) was accelerated within the M1192 pre-
treated cells when compared to that in the untreated group throughout osteogenic culture. This
indicates that MI192 pre-treatment shifts the expression peaks for these markers earlier
compared to that in the untreated cells within this 3D environment. The enhancement observed
in ALP expression correlated with the increased ALPSA within the MI192 pre-treated silk
constructs in this study. The expression profiles of these markers did not replicate the findings

in the monolayer study (Fig 3.12), likely due to the differences in cell culture environments.

The effects of MI192 pre-treatment on the gene expression of late osteogenic markers (COL1A
and OCN) were also analysed. The mRNA expression levels of COLIA was substantially
upregulated within the MI192 pre-treated cells throughout the osteogenic culture period
assessed, likely aided by the accelerated expression of the earlier markers within the HDACI
treated cells. The upregulation in hDPSCs COL1IA mRNA levels induced by MI192 pre-treatment
was observed in both monolayer and silk scaffolds, however, the degree of enhancement was
substantially higher in this 3D culture system. The increased upregulation in COL1A expression
was likely stimulated by culturing these cells within this 3D microenvironment (313). It has been
reported that cells within a 2D system experience a number of “artificial” stimuli such as apical-
basal polarity, unrestricted spreading/migration and lack of soluble factor gradients (181),
resulting in reduced differentiation capacity. A similar enhancement in osteogenic gene
expression has been reported in 3D culture compared to the expression acquired from culturing
cells in monolayer (314, 315). Additionally, it was observed that OCN mRNA expression levels
were significantly upregulated in the MI192 pre-treated cells compared to that in the untreated
cells throughout osteogenic. In both the monolayer and the silk study, MI192 pre-treatment
substantially enhanced OCN mRNA expression, while the expression of its key activator, RUNX2,
was not substantially altered throughout the culture periods assessed. Therefore, this
emphasises the importance of MI192 isoform selectivity for stimulating hDPSCs osteogenic

differentiation, similar to the observations in the literature (140).

Histological analysis was undertaken to assess the effects of MI1192 pre-treatment on hDPSCs
tissue formation within the silk scaffold. H&E staining demonstrated cells in both groups were
distributed thoroughly within the scaffolds after 6 weeks osteogenic induction, correlating with
the CLSM observations in this study. Cells were observed occupying the internal porous

structure of the scaffold, while at the periphery cells possessed a slightly flattened/elongated
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morphology, replicating studies performed previously with MI1192 pre-treated ADSCs on AM silk
scaffolds (214) and VPA pre-treated hDPSCs within a collagen sponge (209). Picrosirius
red/Alcian blue staining was performed to evaluate the effects of MI192 pre-treatment on
hDPSCs expression of collagens (type I/l collagen) and GAGs, respectively. Within the scaffolds,
the strongest Picrosirius red staining was situated towards the edges of the constructs in both
groups. Picrosirius red staining in the MI192 pre-treated group appeared more uniformly
expressed throughout the scaffold when compared to the untreated control, indicating the
capability of MI192 pre-treatment in stimulating hDPSCs collagen expression within the scaffold.
This replicated the staining pattern acquired with M1192 pre-treated ADSCs on AM silk scaffolds
(214) and with the enhanced COL1A gene expression induced by MI192 in this study. Paino et al.
(2014) similarly reported enhanced collagen deposition within VPA pre-treated hDPSCs within a
collagen sponge (209). In this present study, undetectable levels of GAGs were observed in both
groups, indicating successful hDPSCs osteogenesis within this 3D environment, likely aided by
the highly porous nature of this silk construct and the influence of scaffold stiffness on MSCs

differentiation.

The effect of MI192 pre-treatment on hDPSCs extracellular matrix deposition within the silk
scaffold was assessed via immunohistochemical staining. Both groups exhibited positive ALP
protein expression throughout the scaffolds, with increased intensity located at the periphery of
the construct. The MI192 pre-treated group exhibited enhanced global ALP expression
throughout the scaffold, which correlated with the accelerated ALP mRNA expression and
enhanced ALPSA observed in this study (Fig 3.20 and 3.21). A similar pattern was observed for
Colla protein expression, where the MI192 pre-treated group exhibited a global increase in
protein expression throughout the scaffold, with enhanced intensity situated at the outer
regions of the construct. This enhanced Colla protein expression induced by MI192 pre-
treatment correlated with the increased COLIA mRNA expression and Picrosirius red staining
acquired in this study (Fig 3.21 and 3.23). Additionally, the enhancement in Colla protein
expression observed in the MI192 pre-treated group replicated work performed previously with
MI192 pre-treated ADSCs on AM silk scaffolds (214), although protein expression was at a much-
increased intensity in this present study. Positive OCN expression was observed in both groups,
with the strongest staining situated at the outer regions of the scaffold, replicating the
previously assessed osteogenic markers. MI192 pre-treatment stimulated enhanced global
expression for OCN throughout the scaffold compared to the untreated cells, consistent with
the mRNA expression results and the ALP and Colla protein deposition in this study. The

increased expression of these osteogenic proteins (ALP, Colla and OCN) situated at the
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periphery of the construct is likely due to the increased density of cells at the outer regions, in
addition to enhanced exposure to osteogenic medium. Similarly, MI1192 pre-treated ADSCs
within the AM silk scaffolds exhibited increased extracellular matrix deposition at the outer
regions of the construct (214). Additionally, the shear stress exerted to the scaffold at the
periphery of the construct by the incubation medium likely potentiates the differentiation
capacity of cells situated at the outer regions (316, 317). The increased deposition of these
extracellular matrix proteins observed in this study, correlated with similar enhancements

induced by MI192 in the monolayer study in this chapter (Fig 3.11 and 3.13).

In previous studies, MI1192 pre-treatment of ADSCs enhanced the protein expression of Colla
within AM silk scaffolds, however, did not upregulate the expression of Runx2 or OCN within
those constructs (214). This differed from protein expression profile acquired in this study likely
attributed to the MSCs utilised, as hDPSCs are known to possess a greater osteogenic capacity
compared to ADSCs (265), indicating the potential utility of this MSCs source for bone
augmentation strategies (298, 318, 319). Additionally, Saha et al. (2013) reported that BM silk
scaffolds are more osteoinductive when compared to AM silk (169), possibly contributing to the
differences in osteogenic protein expression observed within the MI192 pre-treated hDPSCs and
ADSCs within their respective scaffold systems. In the literature, Paino et al. (2014) seeded VPA
pre-treated hDPSCs on a lyophilised collagen type | sponge (Gingistat) (209), which is a similar
scaffold design used in this study. It was demonstrated that VPA pre-treated constructs
exhibited increased collagen deposition compared to the untreated group confirmed via
Mallory’s Trichrome staining, consistent with the Picrosirius red and Colla immunostaining
results in this study. Although reporting enhanced collagen deposition within the VPA pre-
treated constructs, Mallory’s Trichrome does not specifically target collagens. Additionally,
these authors reported a reduction in OCN protein expression in the VPA pre-treated constructs
(209), indicating the effect of VPA in reducing the osteogenic maturation of hDPSCs within the
Gingistat sponge. This did not correlate with the findings of this study, probably attributed to

the differences in HDAC isoform selectivity between VPA and M1192.

Having demonstrated that MI192 pre-treatment enhanced hDPSCs osteogenic protein
expression within the silk scaffolds, it was important to determine MI192 effect on hDPSCs
calcium deposition and mineralisation via Alizarin red and Von Kossa staining, respectively.
Within both groups, calcium deposition was primarily situated at the periphery of the construct,
with greater deposition observed in the MI192 pre-treated hDPSCs. Semi-quantitative analysis

of the Alizarin red stained entire constructs confirmed the MI1192 pre-treated group exhibited
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significantly increased calcium accumulation compared to the untreated group. Paino et al.
(2014) reported a similar increase in calcium deposition in VPA pre-treated hDPSCs within the
Gingistat sponge (209). Following Von Kossa staining, an enhanced quantity of functional
mineral nodules was observed in the MI192 pre-treated constructs. The location of increased
calcium deposition and mineral nodule formation within the scaffold replicated the areas of
increased osteogenic protein expression from the immunostaining in this study. This indicates
that cells at the periphery of the construct exhibited a more advanced osteogenic phenotype,
consistent with observations acquired from previous studies (214). The increased expression of
bone-related osteogenic proteins in the MI1192 pre-treated group likely promoted mineralisation
within the scaffolds, as extracellular matrix deposition is an important precursor for
mineralisation (301, 303). It is clear that the MI192 pre-treatment strategy was sufficient in
promoting the osteogenic capacity of hDPSCs within the silk scaffold, resulting in the enhanced
expression of osteogenic proteins and mineral nodules, which are key attributes for developing
functional bone tissue. The effect of MI192 pre-treatment on hDPSCs mineralisation within silk
scaffolds resembled the enhanced mineralisation induced by MI192 pre-treatment of ADSCs
cultured within AM silk scaffolds (214), in addition to TSA pre-treated hPDLCs on

Polycaprolactone (PCL)/PEG co-polymer scaffold (320).

Together, the findings of this study demonstrate the effects of MI192 pre-treatment on hDPSCs
osteogenic capacity in monolayer successfully translates into this 3D culture environment.
Moreover, the findings of this study, in addition to the effects of MI192 pre-treated ADSCs
within AM silk, demonstrates the capability of this selective HDACi in enhancing the osteogenic
potential of MSCs acquired from two different tissue sources on a conventional 3D scaffold
system such as the silk scaffold. Moreover, this study provides an essential 3D in vitro pre-
clinical validation step for HDACi-based therapies, which has been lacking in the literature,
providing greater evidence on the potential effectiveness of this epigenetic approach in

stimulating bone formation in the clinical setting.

3.4.4 - The effects of MI1192 on hDPSCs osteogenic differentiation within the BMT construct

Several 3D in vitro models have been utilised to investigate the formation of functional bone
tissue in the literature, with each possessing their own advantages and disadvantages.
Regarding the use of HDACis, a limited number of studies have assessed the effects of these
compounds to stimulate MSCs osteogenesis in 3D in vitro models (209, 214). Although results
have been promising, there are discrepancies regarding the use of HDACis, cell type and scaffold

systems. Therefore, a lack of knowledge exists in the literature regarding the efficacy of HDACi-
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based therapies to stimulate MSCs osteogenic differentiation in different culture systems. Of
the scaffold systems utilised to evaluate HDACi induced bone formation, low cell density
constructs have been assessed in the literature (209, 215) and also in this chapter with
lyophilised silk sponges. Researchers have reported that a high-density culture environment is
beneficial for stimulating bone formation (245). In particular, several studies have shown the
potential of using microtissues (spheroidal pellets) culture to enhance the osteogenic potential
of MSCs (245, 300, 321). Additionally, it has been reported that high-density culture promotes
hDPSCs osteogenic differentiation (251, 252), therefore the microtissues model may provide a
suitable platform to assess MI1192 induced hDPSCs bone formation. However, the use of these
microtissues for the repair of critical-sized bone defects are associated with limitations such as
requiring high cell numbers, lack of spatial-temporal control of cells and low mechanical

properties (254, 322).

Tatsuhiro et al. (2018) reported the development of hDPSC-derived tissue-engineered
constructs as an alternative to the use of microtissues for bone tissue engineering. This
approached cultured hDPSCs within a well plate for 4 weeks in basal conditions, following which
3D constructs were formed via cell sheet detachment and subsequent culture in osteogenic
conditions (228). This method created tissue modules of irregular shape, size and tissue
formation, therefore lacking the reproducibility of tissue modules create via microtissue culture,
which is important in creating a function bone tissue. Thus, combining microtissues with a 3D
scaffold will alleviate the issues regarding mechanical properties and spatial orientation.
Langenbach et al. (2012) combined microtissues created with hUCSCs into an insoluble
collagenous bone matrix (ICBM) scaffold and demonstrated successful osteogenesis; however,
these cell pellets were incorporated into the scaffold irregularly due to the random ICBM
porosity (300). Therefore, the biofabrication of a scaffold with regular porosity would allow for
the spatial-temporal control of cellular components. Schon et al. (2012) developed a high
throughput method of creating microtissues of regular size/shape, following which these
microtissues were assembled within a 3D printed scaffold with regular porosity to create the
BMT construct (253). This composite construct alleviates issues regarding spatial-temporal
control of tissue modules and mechanical strength. Additionally, it increases the total size of
tissue formed compared to the use of microtissues alone. Therefore, in this study, we
characterised the 3D printed PEGT/PBT scaffolds and investigated the effect of MI192 pre-

treatment on the osteogenic capacity of hDPSCs in the BMT model.
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Since the formation of the BMT construct requires a suitable 3D printed scaffold, in this study
the 3D printed scaffold acquired from Dr Tim Woodfield’s CReaTE group was characterised. The
scaffold utilised was the thermoplastic PEGT/PBT block copolymers possessing properties such
as elasticity, strength and toughness which are advantageous for load-bearing tissues (323).
Altering the molecular weight ratio between the PBT and PEGT segments allows for degradation
to occurs at a higher (>PEGT content) or lower rate (>PBT content), providing a method of
controlling the degradation rate and mechanical properties of this material (324-326).
Compared to the commonly utilised biomaterial PCL which has been used extensively for
biofabrication applications (327, 328), the use of PEGT/PBT block copolymers for the creation of
the scaffold would allow for more controllable mechanical properties and degradation rate. PCL
is known to remain in vivo for up to 24 months due to its hydrophobicity and crystallinity,
therefore may not be ideal for bone tissue engineering applications (329, 330). Although
numerous studies have reported the use of osteoinductive biomaterials for bone tissue
engineering applications (235, 331, 332), the PEGT/PBT scaffold which does not possess
inherent osteoinductivity was utilised in this study to minimise the influence of the material in

evaluating the effects of M1192 on stimulating hDPSCs osteogenesis in the BMT model.

Initially, in this study, the dimensions and surface topography of the 3D printed scaffold were
characterised. As the printing of this scaffold is well optimised (253, 333), the scaffolds
possessed an even fibre spacing (*1 mm) and width (~250 um) with a smooth fibre surface
topography, consistent with previous studies (334, 335). The pore size of these scaffolds was
approximately 750 um, which is suitable for press-fit incorporation of microtissues (@1 mm).
These observations demonstrate the reproducibility and accuracy of additive manufacturing
techniques in creating scaffolds, emphasising the potential of biofabrication methods to create

patient-specific scaffolds and the scale-up feasibility of these approaches (244).

The BMT constructs were formed by manually transferring pre-cultured microtissues into the
pores of the 3D printed scaffold. Initially, the BMT was designed to be assembled via a
singularisation device attached to the 3D printing head developed by the CReaTE group in order
to automate this labour-intensive process (335). However, the manual transfer of these pre-
cultured microtissues was a suitable alternative due to the lack of the singularisation device in
Leeds. During optimisation, it was noted that microtissues formed using hDPSCs were of a
reduced size than what was required for press-fit into the scaffold pore (*@1 mm). DPSCs are
known to exhibit an accelerated proliferation rate and grow to an increased cell density

compared to BMSCs in vitro (298); therefore, it is likely within the microtissue environment
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these cells have much closer cell-cell/cell-matrix interactions, resulting in the reduced tissue
module size. Additionally, the increased metabolic activity exhibited by hDPSCs, compared to
MSCs such as BMSCs (298), may prevent the formation of appropriately sized pellets due to
increased requirements for nutrient/waste exchange (333, 336). Moreover, increasing the
number of cells to create larger microtissues resulted in enhanced pellet degradation likely due
to breaching the threshold of nutrient diffusion (336), limiting the maximum size of hDPSC
microtissues. Incorporating two microtissues per pore, was sufficient to effectively occupy the

internal void volume of the 3D printed scaffold in this study.

Following construct assembly, hDPSCs viability within the BMT model was assessed via CLSM.
Both groups possessed a high proportion of viable cells throughout the construct, with a small
number of dead cells visible 24 hours after BMT formation. These dead cells may be due to
hDPSCs at the surface of the microtissues prone to physical or mechanical deformation during
transfer into the scaffold. This observation was consistent with findings in the literature with
microtissues created using human articular chondrocytes (HAC) and human nasal chondrocytes
(HNC) (253, 335). The fact that the pellets within the scaffold remained highly viable, even with
twice the quantity of cells the BMT was initially designed for, indicates sufficient nutrient/waste
exchange throughout the construct. Additionally, as these microtissues were <1 mm in
diameter, this likely aided the viability of cells during the pre-culture incubation period.
Moreover, as microtissues were incorporated into a pore which was cuboidal in shape, the
corners of each pore would allow for the flow of nutrients/waste throughout the BMT,
therefore, maintaining the viability of cells in this system. The CLSM observations correlated
within the histological analysis of the BMT constructs with no necrotic cores observed within the

construct.

Several studies have shown that culturing MSCs as pellets accelerate osteogenesis due to
increased cell-cell/cell-matrix interactions, closely mimicking the in vivo environment (228, 254,
300). The enhanced cellular interactions induced by microtissue culture likely stimulate the
expression of key osteoblast-related markers within MSCs. Therefore, the effect of MI1192 pre-
treatment on hDPSCs osteoblast-related gene expression during microtissue culture was
investigated. RUNX2 mRNA levels were elevated in the MI192 pre-treated hDPSCs compared to
that in the untreated group, however, not significantly throughout the time points assessed. As
MI192 is selective for HDAC3, it is likely the MI192 pre-treated cells would possess increased
levels of transcriptionally active Runx2 transcription factor. Consequently, these cells may not

need to stimulate RUNX2 mRNA expression in the MI1192 pre-treated cells, similar to the trend
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observed in the monolayer study in this chapter (Fig 3.12). MI192 pre-treatment significantly
upregulated ALP mRNA levels during osteogenic culture compared to that in the untreated cells.
When compared to the expression observed in the monolayer study, ALP mRNA levels within
MI1192 pre-treated hDPSCs was substantially enhanced in microtissue culture, indicating the role
of this 3D culture environment in accelerating hDPSCs osteogenesis compared to 2D culture,
consistent with observations in the literature (228, 313). The expression of BMP2 was
significantly upregulated in the MI192 pre-treated cells in all time points evaluated, replicating
the upregulation observed in the monolayer study. As BMP2 is known to be a potent activator
for osteogenesis, it is likely the enhancement in BMP2 played a significant role in promoting
RUNX2 gene expression, as BMP2 signalling is essential for Runx2 dependent osteogenesis (296).
Moreover, BMP2 is known to enhance ATF6 expression, which promotes the expression of
downstream markers such as ALP (294), as observed in this study. From the time points assessed,
MRNA expression of these early osteoblast-related markers exhibited a time-dependent
reduction. This is likely due to the accelerated osteogenesis caused by the 3D culture

environment compared to 2D culture, consistent with observations in the literature (314, 315).

The effects of MI192 pre-treatment on the expression of later osteogenic markers (COL1A and
OCN) were also evaluated. The mRNA levels of COL1A were significantly elevated in the MI192
pre-treated microtissues during osteogenic culture compared to that in the untreated cells. This
enhancement was likely promoted by the increased expression of the early markers (RUNX2,
ALP and BMP2) discussed previously. Moreover, MI192 significantly upregulated the expression
of OCN, the marker associated with osteogenic maturation (303), in all time points assessed
compared to that in the untreated group. As with the monolayer gene expression results, there
was significantly elevated OCN expression levels, without the prior “significant” enhancement in
RUNX2 mRNA expression within the MI1192 pre-treated cells (Fig 3.12), which emphasises the
importance of MI192 in uncoupling HDAC3-Runx2 complex. Similar findings were reported by
Schroeder et al. (2004), where siRNAs were utilised to inhibit HDAC3 within MC3T3 preosteoblasts,
resulting in increased OCN expression, while the RUNX2 mRNA levels remain unchanged (140).
Additionally, studies have demonstrated the capability of HDACi treatment in reducing the
expression of HDAC enzymes (283, 291). Therefore, it is probable the MI1192 pre-treated cells
exhibited reduced HDAC3 levels, resulting in increased transcriptional activity of Runx2. The
increased transcriptional activity of Runx2 may downregulate the mRNA expression of RUNX2,
although this would require further investigation. Together, these results demonstrate that
MI192 is capable of stimulating the expression of key osteoblast-related genes in hDPSCs during

osteogenic microtissue culture.
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A similar increase in the mRNA expression of osteoblast-related markers was observed in the silk
study (Fig 3.21), with particular differences observed in the expression of the early markers. For
the early osteogenic markers (RUNX2, ALP and BMP2), MI192 pre-treatment upregulated gene
expression compared to that in the untreated cells throughout the culture period assessed in
this study, while only accelerating the expression peaks of these genes within the silk
constructs. This may signify the role in which high-density 3D culture plays in promoting the
osteogenic capacity of MSCs compared to lower cell density in vitro systems (321, 337).
Nonetheless, the expression of key osteoblast-related genes was significantly upregulated in the

MI1192 pre-treated hDPSCs within both 3D in vitro models used in this chapter.

Several studies have shown that HDACi compounds are capable of promoting osteogenic protein
expression within 3D environments (209, 214). To initially evaluate the effects of MI1192 pre-
treatment on hDPSCs osteogenic protein expression during BMT culture, ALPSA was quantified
after 2 weeks osteogenic culture. The results of the study showed that the MI1192 pre-treated
hDPSCs exhibited a significantly enhanced ALPSA when compared to the untreated cells in this
model. The 2.3-fold increase in ALPSA was similar to that observed in the monolayer study in
this chapter (Fig 3.10). These findings also correlated with the enhancement in ALP mRNA
expression observed in this study. Moreover, the enhanced ALPSA observed in this study
replicated a similar enhancement observed within the silk scaffolds (1.9-fold) (Fig 3.20). A
greater fold stimulation in ALPSA was observed in the BMT study, likely due to the advantageous
environment high-density culture provides in stimulating MI192 pre-treated hDPSCs
osteogenesis. These findings confirm the capability of MI1192 in stimulating the early phase of

hDPSCs osteogenesis in both low and high-density 3D cell culture environments.

Histological analysis was undertaken to evaluate the effects of M1192 pre-treatment on hDPSCs
tissue formation within the BMT construct after 6 weeks osteogenic culture. The results of this
analysis showed that the incorporated microtissues in both groups were able to combine
together within the 3D scaffold framework and occupy the internal scaffold volume, including
fusing around the internal scaffold fibres. The fusing of the microtissues around the internal
scaffold fibres indicates the 3D printed scaffold was not toxic to the introduced tissue modules,
replicating the CLSM analysis in this study and work performed previously (253). Moreover,
these findings showed that the incorporation of two microtissues per pore was sufficient to
effectively fill the internal volume of the 3D printed scaffold. Tissue formation within the
constructs differed between the groups, where the MI192 pre-treated construct exhibited a

more uniformly tissue formation distributed throughout the BMT, while within the untreated
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group tissue formation replicated a typical pellet morphology in each incorporated tissue
module, replicating the Picrosirius red/Alcian blue staining in this study. This observation
indicates the role of MI1192 pre-treatment in controlling the extracellular matrix production of

all hDPSCs within the BMT construct during osteogenic culture.

Following Picrosirius red/Alcian blue staining for collagen and GAG expression respectively, the
untreated group exhibited the strongest expression for collagens at the periphery of each
individual microtissues, with weaker staining observed within the centre of the tissue modules.
This gradient collagen distribution observed may be due to the increased exposure to
osteogenic medium at the surface of the microtissue during pre-culture incubation. The MI1192
pre-treated group possessed similar collagen expression intensity within the construct
compared to untreated control; however, protein expression was more uniformly distributed
throughout the BMT. This indicates MI192 pre-treatment is able to promote the osteogenic
phenotype of all hDPSCs within the BMT, resulting in enhanced bone extracellular matrix
deposition within the construct. Moreover, the MI192 pre-treated constructs exhibited an
increased quantity of large circular nodules compared to the untreated control, with these
regions displaying the strongest staining intensity for Picrosirius red. As extracellular collagen
deposition is important for mineralisation (301), the increased quantity of the Picrosirius red
positive circular nodules indicates enhanced mineralisation in the MI192 pre-treated group. The
untreated BMT exhibited increased GAG accumulation within the core of each microtissue when
compared to the MI192 pre-treated group. Although microtissue culture has been extensively
utilised for chondrogenic differentiation studies (338, 339), the findings of this study showed
that MI192 pre-treatment prior to microtissue formation was sufficient to inhibit chondrogenic
differentiation. Lee and Im (2017) reported that TSA, an inhibitor shown to stimulate osteogenic
differentiation (233), prevented the formation of cartilaginous tissues of MSC pellets compared
to untreated controls (340), consistent with the findings in this study. The differential tissue
formation observed from the histological analysis clearly indicates the capability of MI192 to

control the lineage-specific differentiation of hDPSCs in this model.

The effects of MI192 pre-treatment on hDPSCs extracellular matrix deposition within the BMT
model after 6 weeks osteogenic culture was further assessed using immunohistochemical
staining. Positive ALP expression was observed throughout the entire constructs; however, the
MI192 pre-treated group exhibited increased global expression throughout the BMT. The
enhanced global ALP expression observed in the MI1192 pre-treated group correlates with the

increased ALP mRNA expression and ALPSA acquired in this study (Fig 3.34 and 3.35). As with the
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Picrosirius red staining, the strongest ALP expression was located in the large circular nodules
observed throughout the construct, which was much more prevalent in the MI192 pre-treated
group. This may represent cells of a more advanced osteogenic phenotype, resulting in
increased expression of osteogenic markers in these areas. ALP is known to be involved in the
mineralisation of the extracellular matrix, due to promoting local inorganic phosphate
concentration and decreasing extracellular pyrophosphate (a promoter and inhibitor of mineral
formation, respectively)(302, 341). Therefore, the enhanced expression for ALP and collagens
located at these nodule-like formations indicates a greater degree of mineralisation within the

MI1192 pre-treated BMT.

Positive Colla protein expression was observed in both groups, however, the staining intensity
was substantially enhanced in the MI192 pre-treated BMT construct. Within the untreated
construct, Colla protein fibres were situated between the cells within the core of the
microtissue and also at the outer regions at a slightly increased intensity. The MI192 pre-treated
group displayed enhanced expression intensity uniformly throughout the construct when
compared to the untreated group. Additionally, strong Colla expression was situated in the
large nodule-like formations within the construct, correlating with the previous analysis
(Picrosirius red and ALP immunostaining), therefore, corroborating the evidence of increased
mineralisation within the M1192 pre-treated group. The differential Colla expression observed
between the groups correlates with the Picrosirius red staining distribution and expression
intensity. The stark differences observed in protein expression within the BMTs were consistent
with the mRNA and protein expression analysis in the monolayer study (Fig 3.12 and 3.13) and
the COL1A gene expression in this study. VPA pre-treatment of hDPSCs similarly increased
collagen deposition within the Gingistat scaffold (209). In addition, M1192 pre-treated ADSCs
displayed increased Colla expression within AM silk scaffolds (214), similar to the observations

in this study, although protein expression was at an increased intensity in this BMT study.

OCN was positively expressed in both groups, indicating the osteogenic maturation of hDPSCs in
this culture system. Within the untreated group, as with the Colla protein expression, a similar
pattern of differential OCN distribution was observed with enhanced expression located at the
outer regions of the microtissues. This differed from the MI192 pre-treated group where OCN
was uniformly expressed throughout the microtissues at a similar intensity to the outer regions
of the untreated group. The expression pattern observed was consistent with the Picrosirius red
and Colla immunostaining results in these constructs. The more uniform protein deposition

observed in the MI192 pre-treated BMTs indicates MI1192 pre-treatment is able to “prime” all
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hDPSCs with enhanced osteogenic capacity resulted in uniform tissue formation, while the
untreated cells were heavily dependent on access to the osteogenic medium to induced
osteogenesis, resulting in the gradient protein distribution observed in the microtissues
(Picrosirius red, Colla and OCN immunostaining). The MI192 pre-treated BMT exhibited an
increased quantity of OCN-positive nodule-like formations when compared to the untreated
group. This correlated with the enhanced deposition of ALP and Colla-positive nodule-like
formations observed in the MI192 pre-treated construct. As with the previously discussed
markers (ALP and Col1la), it is well known that OCN mediates the mineralisation process during
the osteogenic maturation of cells. Tsao et al. (2017) reported that after OCN was knocked
down in MSCs, mineralisation was delayed, and total hydroxyapatite accumulation was inhibited
(303). Therefore, the enhanced global expression of OCN observed in the MI192 pre-treated group,
indicates increased mineralisation within the HDACi treated BMT, consistent with the findings from
the previous histological analysis. As with the previously discussed markers, the enhanced OCN
protein expression induced by MI192 treatment correlated with the mRNA expression results in
this study. Previously, it was reported that MI192 pre-treatment reduced ADSCs OCN deposition
within AM silk scaffolds (214), differing from the observations in this study. This is likely due to
the different MSCs and 3D cell culture environments utilised in these studies. Together, these
findings demonstrate that MI192 pre-treatment of hDPSCs is capable of enhancing the
expression of key osteogenic extracellular matrix proteins in this 3D in vitro model, consistent

with the ICW results in the monolayer study (Fig 3.13).

Mineralisation is a key attribute in the development of functional bone engineered constructs
and several studies have demonstrated culturing MSCs as microtissues accelerate mineral
deposition (254, 342). Therefore, the effect of MI1192 pre-treatment on hDPSCs mineralisation
within the BMT construct was assessed using Von Kossa staining. The MI192 pre-treated group
exhibited more extensive black staining for functional mineral nodules throughout the entire
construct when compared to the untreated BMT, replicating the effects of MI192 pre-treated
hDPSCs on silk scaffolds assessed in this chapter (Fig 3.29). Additionally, the strongest Von Kossa
staining intensity was located in the large nodule-like formations within the construct, where an
enhanced quantity of these nodules was observed in the MI192 pre-treated group. The
increased Von Kossa staining situated in these locations, corroborated with the observation
from the Picrosirius red and immunohistochemical staining. This indicates the enhanced
expression of these bone extracellular matrix proteins induced by MI192 pre-treatment,
increased the mineralisation capacity of hDPSCs in the BMT construct. The increased number of

these functional mineral nodules clearly demonstrates the capability of MI192 in enhancing
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hDPSCs osteogenic maturation within this 3D model, ultimately resulting in enhancing bone-like
tissue formation. This enhanced mineralisation capacity induced by MI192 in this model,
replicated similar observations with MI192 pre-treated ADSCs within AM silk scaffolds, in
addition to TSA pre-treated hPDLCs on PCL/PEG scaffold (320).

The substantial enhancement in the MI192 pre-treated hDPSCs osteogenic protein expression
and mineralisation observed within the BMT, replicated a similar enhancement observed in the
silk study in this chapter. Although the increase in hDPSCs osteogenic capacity induced by MI1192
is clear in both scaffold systems, more extensive osteogenic extracellular matrix deposition and
mineralisation was observed in the MI192 pre-treated BMT compared to the silk constructs,
probably attributed to the inherent advantages high-density culture provides for bone tissue
engineering (321, 337). Therefore, from the two 3D models assessed, the BMT model would
provide the most appropriate platform to evaluate the effects of MI192 pre-treatment on

stimulating hDPSCs bone formation in vivo.

3.4.5 - The effects of MI1192 on hDPSCs BMT in vivo bone formation

To date, the effects of HDACi therapies for bone tissue engineering have primarily been
investigated within the in vitro environment in the literature. Due to the limited number of in
vivo studies, there is a lack of knowledge in how these epigenetic-based approaches behave in a
physiologically relevant environment. Lee et al. (2011) demonstrated that Largazole soaked
collagen scaffolds were able to enhance calvarial defect bone formation in mice (215). Similarly,
PCL/PEG scaffolds combined with TSA pre-treated hPDLCs enhanced bone regeneration of
mouse calvarial defects (320). However, the importance of evaluating the use of HDACis for
bone tissue engineering in vivo was demonstrated by de Boer et al. (2006), where they could not
replicate the enhancement in MSCs osteogenic differentiation upon TSA and NaB treatment
which was previously demonstrated in vitro (74). Moreover, the studies in the literature have
evaluated the efficacy of panHDACIs to stimulate bone formation in vivo, which are associated
with their limitations (213). From the 3D in vitro studies in this chapter, it was demonstrated
that M1192 pre-treatment promoted hDPSCs osteogenesis within the lyophilised BM silk scaffold
and the BMT model. Due to the substantially enhanced bone-like tissue formation induced by
MI192 within the BMT model compared to the silk scaffolds, this model was utilised to

investigate the effects of MI1192 pre-treated hDPSCs bone-like tissue formation in vivo.

A diffusion chamber model was employed to investigate the effects of MI1192 pre-treatment on

hDPSCs osteogenesis within the BMT in a physiologically relevant environment. Numerous
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studies have successfully demonstrated the use of this culture system for assessing bone
engineered constructs in vivo (257, 258). MI192 pre-treated and untreated hDPSCs were
cultured as microtissues in osteogenic conditions in vitro and formed into BMTs, following which
these constructs were placed into diffusion chambers for intraperitoneal implantation within
CD1 nude mice for 8 weeks. After chamber extraction, the macroscopic analysis showed that the
incorporated tissue modules remained within the 3D scaffold framework, indicating successful
microtissue fusion during in vivo incubation, correlating with the in vitro observations in this
chapter (Fig 3.36). In addition, the 3D printed scaffold remained intact and did not completely
degrade, indicating its suitability for supporting incorporated tissue modules during long-term in
vivo implantation. X-ray scanning of the samples was undertaken to evaluate tissue density
within the constructs. Following X-ray analysis, dense tissue formation was observed within the
microtissue regions of the constructs. This indicates the osteogenic microtissue culture prior to
BMT assembly and the inherent advantages high-density culture provides to mineralisation
(254), promoted the deposition of mineral nodules within the construct in vivo. No clear

differences in the radio-opacity intensity and distribution were observed between the groups.

To assess the effects of MI192 pre-treatment on hDPSCs bone-like tissue formation during BMT
in vivo implantation, histological analysis was undertaken. Following H&E staining, it was
observed that the incorporated microtissues were able to fuse together and fill the internal void
volume of the scaffold, correlating with the macroscopic assessment, BMT in vitro results (Fig
3.36) and findings in the literature (253, 335). The complete occupation of the 3D printed
scaffold by the incorporated microtissues is important as it would provide increased cellular
contact with the surrounding host bone defect, thus promoting cell migration and enhanced
tissue integration. Denser tissue formation was observed towards the edges of each individual
microtissue within both constructs, likely due to the pre-culture incubation in osteogenic
conditions prior to BMT formation. Much denser tissue formation was observed throughout the
MI1192 pre-treated construct when compared to the untreated group, indicated by the enhanced
accumulation of the Eosin stain, which stains proteins non-specifically (343). The negative
immunohistochemical staining images, counterstained with haematoxylin alone (Fig 3.50),
confirmed this observation. Moreover, the tissue formation within the MI192 pre-treated group
exhibited a greater degree of structural organisation throughout the construct when compared
to the untreated BMT. The stratified tissue formation within the MI192 pre-treated group, in
addition to the increased dense tissue formation observed, replicated the morphology of tissues
within the zones of calcification/ossification during late-stage endochondral ossification (39,

344). The differential tissue formation observed clearly indicates the effects of MI192 in
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stimulating hDPSCs extracellular matrix deposition within the BMT model in vivo. The in vitro
results did not show this clear difference in tissue formation between the groups, likely due to
the lack of osteogenic culture within the in vivo study, therefore, the effects of M1192 is much
more prominent in this study. Additionally, the in vivo constructs were incubated for a longer
duration than in vitro samples (8 vs 6 weeks, respectively) and were exposed to increased shear
stress conditions within the diffusion chamber compared to the static conditions in the in vitro
study. Several studies have indicated the influence on fluid shear stress on stimulating bone
formation (316, 317). These factors may stimulate the greater degree of dense tissue formation

observed in the MI192 pre-treated construct in this study.

The deposition of collagens and GAGs within these constructs was evaluated via Picrosirius
red/Alcian blue staining, respectively. The MI192 pre-treated group exhibited stronger
Picrosirius red staining intensity within the construct and also at the periphery when compared
to the untreated control. This indicates that MI192 pre-treatment prior to osteogenic
microtissue culture was sufficient to stimulate differentiation down the osteogenic lineage and
maintain this osteogenic phenotype during in vivo implantation to a greater degree when
compared to the untreated control. The untreated group exhibited increased global GAGs
expression when compared to the MI192 pre-treated group. Although these MI192 pre-treated
and untreated cells were cultured in osteogenic conditions prior to BMT assembly, the
subsequent in vivo implantation may have directed differentiation into mixed lineages
(chondrogenic/osteogenic), indicated by the increased GAG accumulation particularly in the
untreated BMTs. This reduced culture in osteogenic inductive medium likely attributed to the
greater GAG accumulation observed in this study when compared to the in vitro BMT constructs
(Fig 3.37). The differential staining acquired for the collagens and GAGs between the groups
demonstrates the capability of MI192 in controlling the lineage-specific differentiation of
hDPSCs in the BMT model during in vivo implantation. It is important to note that within the
diffusion chamber model, the BMTs would be exposed to passive diffusion of nutrients into the
chamber via the filter membranes, which replicates the shear stresses conditions which are
favourable for chondrogenic differentiation. Additionally, the prevention of vascular invasion by
the chamber membrane, which may lead to calcification/bone formation, was avoided by the
use of this model (345, 346). Therefore, it is likely that the diffusion chamber model is more
favourable for chondrogenic differentiation, where it has been used for many studies (347, 348),
possibly resulting in the increased accumulation of GAGs in this study compared to the in vitro

BMT constructs. Nonetheless, it is clear that MI1192 pre-treatment was capable of controlling the
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lineage-specific differentiation of hDPSCs within this model, resulting in increased collagen

deposition during in vivo implantation.

To further investigate the effects of MI192 pre-treatment on hDPSCs expression of osteoblast-
related extracellular proteins within the BMT in vivo, immunohistochemical staining was
undertaken. Colla was positively expressed within the untreated group primarily situated at the
periphery of individual microtissues and the entire construct. However, the MI1192 pre-treated
BMT exhibited substantially increased expression intensity distributed throughout the construct,
with the strongest staining located in similar regions to the control group. The enhanced protein
deposition situated at the outer regions of individual microtissues in both groups is likely
attributed to microtissues pre-culture in osteogenic conditions; therefore, cells at the periphery
would possess the most mature osteogenic phenotype. The differential expression observed
between the groups correlates with dense tissue formation observed following H&E staining and
the Picrosirius red staining for collagens in this study. MI192 treatment enhanced hDPSCs Colla
protein expression to a much greater degree within the in vivo construct compared to the in
vitro study (Fig 3.39), which may indicate the reliance of the untreated construct on osteogenic
inductive medium to stimulate the expression of this protein during in vitro culture.
Additionally, the passive nutrient/waste diffusion that occurs within diffusion chamber
incubation, may further potentiate the expression of collagens from the MI192 pre-treated

hDPSC BMT when compared to static in vitro culture conditions (349).

OCN was weakly expressed in the untreated group and was distributed in an aberrant nature
within the construct. Within the MI192 pre-treated BMT, OCN was exhibited at a much-
increased intensity and protein expression was distributed more uniformly throughout the BMT
construct. These findings clearly demonstrate the effect of MI192 on enhancing the osteogenic
maturation of hDPSCs in the BMT during in vivo implantation. The difference in OCN staining
between the groups was much more evident within the in vivo constructs compared to the in
vitro results (Fig 3.40). This likely indicates the ability of MI192 in enhancing the osteogenic
capacity of cells in vivo with the lack of osteogenic induction medium, consistent with the
observations from the Colla protein staining in this study. Moreover, the OCN expression
intensities observed between the groups were much closer within the in vitro BMT study,
indicating the dependence of the untreated cells on osteogenic medium to stimulate hDPSCs
osteogenic maturation, similar to the observations from the Colla immunostaining in this study.
As discussed previously, Colla and OCN expression in the extracellular matrix are key in

providing a template for mineralisation to occur (301, 303). Therefore, these findings indicate
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MI192 pre-treatment accelerated the extracellular matrix deposition of hDPSCs within the BMT

model in vivo, likely resulting in enhanced mineralisation in the HDACi treated group.

The effects of MI192 pre-treatment on the expression of chondrogenic proteins were also
evaluated due to the accumulation of GAGs within the constructs and the chondrogenic
favourable environment inferred by the BMT model (253). AGG, a key cartilage-specific
proteoglycan (350), was expressed at an increased intensity throughout the untreated construct
when compared to the MI192 pre-treated group, consistent with the Alcian blue staining for
GAGs in this study. In addition to AGG, positive expression of Col2a, a key chondrogenic
extracellular matrix protein (351), was observed within the untreated group at an increased
expression intensity compared to the MI192 pre-treated group. These chondrogenic
immunostaining results in conjunction with the Alcian blue staining indicates that MI1192 pre-
treatment was capable of inhibiting chondrogenic protein expression, consistent with the
observations from the in vitro study and also in the literature (340). The lack of osteogenic
culture as an assembled BMT construct prior to diffusion chamber implantation may have
resulted in the enhanced accumulation of chondrogenic proteins observed in the in vivo
constructs; therefore, increased in vitro osteogenic incubation prior to in vivo implantation may
be beneficial. Additionally, the BMT system was initially designed for the incorporation of one
microtissue per pore to create the construct; however, due to issues regarding hDPSC
microtissue size, twice the number of tissue modules were required to create the BMT
construct. This may contribute to reducing the nutrient diffusion through the construct,

resulting in areas within the construct possessing a more favourable chondrogenic environment.

The differential expression of osteogenic/chondrogenic proteins between the groups may
indicate MI192 pre-treatment directing bone formation via the intramembranous ossification
route. Conversely, these findings may suggest MI1192 accelerated endochondral ossification of
hDPSCs within this model; therefore, in the time point assessed in this study, the HDACi treated
group may have surpassed the cartilaginous template phase of endochondral bone formation
(38). Although there is evidence of chondrogenic/osteogenic differentiation which may
indicative of bone formation via the endochondral ossification route, if these studies were
repeated within a more physiologically relevant pre-clinical model with the influence of other
cell types, similar to the environment within fracture healing, this could provide greater insights
into the route of bone formation induced by MI192 within these constructs. Nonetheless, these
findings clearly demonstrate MI192 pre-treatment is capable of controlling hDPSCs lineage-

specific differentiation within the BMT model in vivo, consistent with observations from the
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BMT in vitro study in this chapter (Fig 3.37). MI192 selectivity for the bone-associated HDAC3
isoform (100) (140), likely has a significant role in controlling hDPSCs lineage-specific

differentiation in this model in vivo.

The effects of MI192 pre-treatment on hDPSCs calcium deposition and mineralisation within the
BMT after 8 weeks in vivo implantation were assessed via Alizarin red and Von Kossa staining,
respectively. Within the untreated group, positive calcium deposition was observed throughout
the construct, however, areas of intense staining were observed aberrantly within the construct.
The MI192 pre-treated group exhibited much stronger calcium deposition intensity, distributed
more uniformly throughout the construct. This was consistent with the dense tissue formation
observed from H&E staining and with the expression of osteogenic proteins (Colla and OCN) in
this study. The more homogeneous calcium deposition observed in the MI192 pre-treated group
suggests that HDACi pre-treatment was able to enhance the osteogenic differentiation of all
hDPSCs throughout the construct and not solely dependent on access to osteogenic medium

during microtissue culture, as observed in the untreated group.

Following Von Kossa staining, both groups exhibited strong black staining throughout the
construct indicating the formation of functional mineral nodules, with the increased deposition
of nodules located at the edges of incorporated microtissues. However, the MI192 pre-treated
group exhibited substantially enhanced mineralisation compared to the untreated BMT
throughout the construct, consistent with the findings acquired for calcium deposition in this
study. This clearly demonstrates that MI192 pre-treatment was able to substantially enhance
the accumulation of functional mineral nodules in the construct compared to the untreated
control, consistent with the dense tissue formation observed from the H&E staining analysis in
this study. The increased Von Kossa staining observed in the MI192 pre-treated construct,
correlated with the enhanced expression of late bone markers (Colla and OCN immunostaining)
in this study, further corroborating the role of these extracellular matrix proteins in stimulating
mineralisation. These findings indicate that MI192 pre-treatment was able to stimulate the
calcification of the more mature extracellular matrix, resulting in the greater degree of
ossification. The much-reduced mineralisation observed within the untreated group indicates
the weaker expression of bone-related matrix proteins were unable to stimulate mineral nodule
formation at this time point, resulting in the unmineralised osteoid-like tissue formation
observed (141). When compared to the mineralisation observed in the in vitro findings (Fig
3.42), a greater degree of mineralisation was observed in this study, likely due to the role of

shear fluid stress in promoting bone formation (316, 317), in addition to the increase culture
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period for the in vivo constructs. Moreover, a larger difference in mineralisation was observed
between the groups in this study, indicating the untreated cells were heavily dependent on
access to osteogenic medium to promote nodule formation in the in vitro study, consistent with
the protein expression observations between the in vitro and in vivo BMT. The fact that both
groups possessed strong calcium deposition and mineralisation following in vivo implantation
despite the lack of osteogenic medium incubation, is likely attributed to the underlying hDPSCs
phenotype which possesses an increased osteogenic capacity compared to other MSCs such as
BMSCs (298), in addition to the osteogenic favourable environment this high cell density 3D

model provides.

Together, the findings of this study demonstrate the potential of utilising epigenetic
approaches, particularly selective HDACi compounds, to stimulate the osteogenic capacity of
hDPSCs in vivo resulting in the enhanced formation of bone-like tissue. Currently, only one study
has investigated the effects of HDACi compounds on hDPSCs in vivo, however, this study
injected TSA within embryos and observed enhanced dentin thickness and odontoblast numbers
(233), which is a more developmental perspective into the effects of HDACis on bone formation.
However, Huynh et al. (2017) did report enhanced bone regeneration of mouse calvarial defects
following implantation of TSA pre-treated hPDLCs combined with PCL/PEG scaffolds (320). This
demonstrates the successful utilisation of HDACis in vivo in stimulating the osteogenic capacity
of MSCs acquired from dental tissues, correlating with the finding in this study. Therefore, as of
writing, currently no studies have investigated the use of HDACis, particularly selective HDACis,
on enhancing the osteogenic capacity of hDPSCs for promoting bone formation in vivo.
Consequently, the findings of this study and its potential impact in the tissue engineering field,
support the need for further in vivo examination into this potential therapeutic approach in

creating clinically relevant bone tissue.

To summarise, the effects of the selective HDAC2 & 3 inhibitor - MI1192 on hDPSCs behaviour
and osteogenic capacity in 2D and 3D in vitro and in vivo was investigated in this chapter. In
monolayer culture, it was found that M1192 caused a time-dose dependent reduction in hDPSCs
viability. Additionally, MI192 halted cell cycle progression in the G,/M phase and altered hDPSCs
epigenetic functionality confirmed via HDAC inhibition and increased histone H3K9 acetylation.
The effect of MI192 pre-treatment on stimulating hDPSCs osteogenic capacity in 2D culture was
confirmed by enhanced ALPSA, osteoblast-related gene/protein expression and calcium
deposition/ mineralisation. Within 3D in vitro culture (silk scaffolds and BMT model), M1192 pre-

treatment enhanced hDPSCs osteoblast-related gene/protein expression, ALPSA and
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mineralisation. However, substantially increased bone-like tissue formation was observed within
the MI192 pre-treated hDPSCs within the BMT model. Following diffusion chamber
intraperitoneal implantation within CD1 nude mice, MI192 pre-treatment substantially
increased hDPSCs osteoblast-related extracellular matrix protein expression and calcium
deposition/mineralisation within the BMT model, while inhibiting the expression chondrogenic
proteins in this model. Together, these findings demonstrate the potential of utilising epigenetic

approaches for enhancing hDPSCs efficacy for bone regeneration.
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Chapter 4 - The Effects of MI192 on the Behaviour and Osteogenic capacity of Human Bone

Marrow-Derived Stromal Cells in vitro and In vivo

The aim of this chapter was to investigate the effects of MI1192 on hBMSCs behaviour and osteogenic
capacity in vitro and in vivo. Initially, the effects of MI192 on the general properties of hBMSCs were
assessed (morphology, viability, HDAC activity, H3K9 acetylation and cell cycle). Following this, the
effects of M1192 on hBMSCs osteogenic capacity was evaluated by ALPSA, osteogenic gene/protein
expression, calcium deposition and mineralisation. These were investigated in both 2D and 3D in
vitro culture environments (GelMA hydrogel and BMT model). Finally, the effects of MI192 on
hBMSCs bone formation were evaluated in a physiologically relevant in vivo model (diffusion

chamber).

4.1 - Background

BMSCs have been the gold standard MSCs source used in stem cell research and tissue engineering
applications for many decades, due to their well-characterised properties and proven differentiation
down the mesoderm lineages (352). Friedenstein et al. (1968) were the first to describe the isolation
of these MSCs from the bone marrow with the now established characteristics of adherence to
plastic and fibroblastic-like morphology in culture (353). Since then, in the literature BMSCs have
been extensively utilised for bone tissue engineering applications in numerous in vitro and in vivo
studies (331, 354, 355). Additionally, it has been demonstrated that BMSCs exhibit an increased
osteogenic capacity compared to other sources of MSCs such as ADSCs (318, 319). Although a
promising MSCs source for bone augmentation strategies, BMSCs are associated with numerous
drawbacks including their low procurement yield, the extensive in vitro expansion required and the
heterogeneity of the multilineage differentiation potential they display (153, 319). Therefore,
numerous methods have been investigated to enhance the efficacy of utilising this MSC source for
bone augmentation strategies such as gene therapy, although these technologies are associated
with their own limitations in regards to clinical safety and cost (356). The use of epigenetic
approaches, particularly HDACis to enhance MSCs osteogenesis has been growing in the field.
Numerous studies have proven the effects of HDACi treatment on stimulating the osteogenic
capacity of BMSCs. De Boer et al. (2006) reported that TSA enhanced the osteogenic potential of
hBMSCs (74). Similarly, it was demonstrated that VPA and SAHA were capable of accelerating
hBMSCs osteogenesis in vitro (19, 286). Although these approaches have shown promise in the
literature, the majority of these studies have focussed on the use of panHDACis which target a broad
range of HDAC isoforms. These non-specific bindings may result in unwanted side-effects and

reduced differentiation potential (213). Therefore, HDACis exhibiting selective binding affinities to
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specific HDAC isoforms is becoming increasingly prevalent particularly in the cancer therapeutic
arena (357). With the effects of the selective HDAC2 and 3 inhibitor - MI192 on the behaviour and
osteogenic capacity previously evaluated with ADSCs (214) and DPSCs in this thesis, it is important to
determine the effects of MI1192 in promoting the osteogenic capacity of hBMSCs, broadening the

potential clinical application of this epigenetic-based approach for creating functional bone tissue.

A plethora of studies have demonstrated the potential of utilising HDACis to enhance MSCs
osteogenesis in 2D culture (204, 212), however, monolayer culture does not replicate the complex
3D microenvironment which exists within the human body (181). Hence, there is growing
precedence to evaluate the effects of HDACi treatment on stimulating MSCs osteogenesis within a
3D microenvironment by utilising a scaffold system. With the growth of the tissue engineering field
and the advancement in numerous technologies, there are an overwhelming variety of scaffolds
which have been assessed for bone augmentation applications. These scaffolds vary in their material
composition, biocompatibility, cost, ease of manufacture etc. As it is near impossible to find an ideal
scaffold system to assess the effects of HDACi treated MSCs, utilising scaffold systems which have
been demonstrated to support HDACi-treated MSCs osteogenesis is beneficial. In the previous
chapter, it was demonstrated that MI192 pre-treatment enhanced the osteogenic capacity of
hDPSCs within a conventional 3D scaffold such as BM lyophilised silk sponges, but also in the BMT
model. In comparison, the BMT construct was capable of inducing more extensive bone-like tissue
formation when compared to the use of lyophilised silk sponges. As with other scaffold systems, the
BMT construct is associated with its own limitations, such as the large cell numbers required to
create the construct. To overcome this issue, an alternative method of delivering cells at a lower cell

density into this 3D scaffold framework should be investigated.

It is well known that hydrogels are an ideal biomaterial for tissue engineering applications as they
possess properties such as high biocompatibility, porosity, water content and the ability to replicate
the host tissue environment (327). In addition, this biomaterial is highly flexible in terms of
controlling the introduction of cells and formation into complex shapes. Hydrogels are derived from
either natural or synthetic sources. These naturally derived hydrogels are able to closely replicate
the extracellular matrix found in the host tissues, with the potential to direct the migration, growth
and organisation of cells during tissue regeneration (358). Synthetically made hydrogels have
superior mechanical properties, however, lack the biocompatible properties compared to their
natural counterparts. These biomaterials can be polymerised by numerous processes, either by an
enzymatic, thermo-responsive or photopolymerisable reactions (327, 359, 360). The disadvantage of

enzymatic polymerisation is that they are difficult to control in situ and may lead to the uncontrolled
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degradation of the hydrogel. For thermoresponsive hydrogels, they must be tailored to their specific
environment for implantation, but for bone tissue engineering this may differ depending on the
defect site. In terms of photopolymerisable hydrogels, these materials are crosslinked with exposure
to various wavelengths of light in situ; therefore, it overcomes the particular disadvantages

described for the other polymerisation methods.

Gelatin methacrylate (GelIMA) has become an extremely attractive biomaterial for use in tissue
engineering due to its biocompatibility, biodegradability, low cost and photo-crosslinkable
properties (361). Gelatin is a denatured form of collagen that can be acquired from numerous
sources, is relatively inexpensive compared to other collagen-based materials (collagen type 1),
while containing the natural cell binding motifs, such as RGD (362, 363). The functionalisation of
gelatin by the addition of the methacrylate groups to the amine-containing side groups allows for
the photopolymerisation of the hydrogel, which is stable at 37°C (Fig 4.1). Several studies have
utilised GelMA for various tissue engineering applications (364-366). The majority of studies in the
literature have utilised UV light-induced polymerisation, which may have a detrimental effect on the
production of free radicals and also may cause genomic instability of encapsulated cells (367) (Fig
4.1). Moreover, if cells are introduced to the hydrogels which have already been polymerised, issues
arise in regard to cellular distribution within the hydrogel. Consequently, there are several groups
who have started to move towards the use of visible light photoinitiators in order to avoid the

detrimental effects associated with UV irradiation (360).
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Figure 4.1 - Representation of methacrylate gelatin synthesis and crosslinking. Macromers of
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Gelatin containing amine groups were reacted with methacrylic anhydride which added
methacrylate pendant groups. Methacrylate gelatin crosslinked with UV light in the presences of

Irgacure 2959 initiator. Reprinted with permission (368).

Although a number of studies have shown the potential of utilising GelMA for bone tissue
engineering applications (369, 370), the inherent lack of mechanical strength limits the materials
clinical potential for bone augmentation strategies (327). To overcome this limitation, the
combination of GelMA with an external scaffold framework to create a composite scaffold system
would enhance the mechanical properties of this hydrogel. Various studies have shown that the
GelMA hydrogel could be micropatterned into a variety of shapes and configurations for tissue
engineering and microfluidic applications while retaining its high encapsulated cell viability and cell-
responsive elements (368, 371). Therefore, incorporating hydrogels microspheres formed using a
microfluidic system within a 3D plotted scaffold, similar to the BMT system created utilising
microtissues in the previous chapter, would overcome the inherent lack of mechanical strength of
hydrogels. This approach can accomplish a similarly sized construct as the BMT model, however
requiring far fewer cells which subsequently reduces the in vitro expansion period, the cost and is
more clinically relevant. In this chapter, the fabrication of GeIMA microspheres of regular size and
shape was investigated for assembly within the 3D printed scaffold (during collaborative research
visit, at the University of Otago). Following which, the effects of MI192 in stimulating hBMSCs
osteogenic capacity would be initially evaluated within the GelMA hydrogel alone, then within the

GelMA hydrogel combined with the 3D printed scaffold (GeIMA-PEBT/PBT) in Leeds. As this is an
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example of a low cell density construct and having demonstrated the effective use of the BMT model
in the hDPSCs chapter in this thesis, the effects of MI192 on hBMSCs osteogenic differentiation

within the BMT will also be evaluated in this chapter.

In addition to evaluating the effects of MI1192 on hBMSCs osteogenic differentiation in vitro, it is
important to determine whether these effects successfully translate within a more physiologically
relevant environment. To date, limited studies have investigated the effects of HDACis to stimulate
MSCs osteogenic differentiation in 3D in vivo culture (208, 215, 320), therefore in the literature,
there is a lack of knowledge on how HDACI therapies behave in physiological conditions. Moreover,
the research performed in vivo have utilised panHDACis, which are associated with their limitations
(213). The diffusion chamber model provides an ideal environment to investigate the effects of
tissue engineered constructs in vivo while ensuring tissue growth within the chamber originates
from the implanted cells. A number of studies have reported the successful use of this in vivo model

for assessed bone engineered constructs (257, 258).

Therefore, the aim of this chapter was to investigate the effects of the HDAC2 & 3 selective inhibitor

- MI192 on hBMSCs behaviour and osteogenic capacity on 2D and 3D in vitro and in vivo.

The main objectives of this chapter:

— To investigate the effects of MI1192 on the behaviour and osteogenic capacity of hBMSCs in
2D in vitro culture (section 4.3.1).
— To evaluate the effects of MI192 on hBMSCs in vitro bone formation within 3D scaffold
systems:
— GelMA hydrogel (GelMA alone and GelMA-PEBT/PBT construct) (section 4.3.2).
— BMT model (section 4.3.3).

— To investigate the effects of M1192 on hBMSCs bone formation in vivo (section 4.3.4).
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4.2 - Materials and Methods
4.2.1 - Effect of MI1192 on ALPSA in hBMSCs

Cells were seeded in two 24-well plates (5 x 10* cells per well) in basal medium. After 24 hours, the
medium was replaced, and cells were pre-treated with a range of MI1192 doses (10, 20, 30, 50, 70
uM) for 24 or 48 hours. Following pre-treatment, cells were cultured in osteogenic medium for 2
weeks. Untreated cells in basal or osteogenic medium were used as controls. The sample size was

three for each group (n=3). After culture, cells were prepared for ALPSA as described in Chapter 2.
4.2.2 - Effect of MI192 on the expression of osteogenic genes in hBMSCs

Cells were seeded at 5 x 10* cells per well in four 24-well plates in basal medium. After 24 hours, the
medium was replaced with fresh basal medium supplemented with MI192 (50 uM). Untreated cells
in basal medium used as control. Following 48 hours pre-treatment, the medium was then replaced
with osteogenic medium and plates were cultured for 3, 7, 14, 21 days. The sample size was three
for each group (n=3). At each time point, one of the plates was stopped for RNA isolation, cDNA

conversion and RT-gPCR as described in Chapter 2.
4.2.3 - GelMA macromer preparation

GelMA utilised in this chapter were provided by Dr Khoon Lim at the CReaTE group, at the University
of Otago. GelMA was synthesised following methods described previously (372). Briefly, type A
porcine skin gelatin (Sigma-Aldrich, G2500) was mixed at 5, 10 and 15% (w/v) into PBS at 50°C until
fully dissolved. Methacrylic anhydride (MA) (Sigma-Aldrich, 276685) was added (0.6 ml MA/1 g
Gelatin) to gelatin solution under stirred conditions at 50°C and incubated for 1 hour. The mixture
was dialyzed against dH,0 using 12 - 14 kDa cut off dialyses tubing for 2 - 3 days at 40°C to remove
salts and methacrylic acid. Solution pH at 7.4 and then sterile filtered. The solution was stored at
-80°C for 24 hours then freeze-dried for 4 days. The visible light photo-polymerisation system
previously developed by the CReaTE group was used in this chapter (371). Freeze-dried GelMA
macromer was then mixed with PBS containing visible light initiators (0.2 mM Tris (2,2’-bipyridyl)
dichlororuthenium (1) hexahydrate (Ru)) (Sigma-Aldrich, 544981) and 2 mM Sodium persulfate (SPS)
(Sigma-Aldrich, 216232) until fully dissolved.

4.2.4 - Production of GelMA microspheres using microfluidics

Hydrogel microspheres of appropriate size and shape were prepared by utilising a microfluidic oil-

emulsion system based on work in the literature (373). The microfluidic methods utilise an outer
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continuous phase (sunflower oil) to focus the flow of an inner pre-polymer phase (GelMA) from
which spheres are fabricated (374). The work involving the cell-laden microspheres was undertaken
at the CReaTE group at the University of Otago, during a collaborative research visit. Assistance was

provided by Catherine Chia an intern in the CReaTE group (experimental planning and preparation).
4.2.5 - Microfluidic device

The microfluidic device (Fig 4.2) consists of Polytetrafluoroethylene (PTFE) tubing, T-junctions and a
fused silica capillary (internal diameter (ID) 530 um, outer diameter (OD) 660 um) (Postnova, Z-FSS-
530660). The macromer and its shearing solution, sunflower oil, were loaded into separate syringes
and placed into syringe pumps. A long coil of transparent Tygon R-3603 PTFE tubing (ID 1.6 mm, OD
3.2 mm) (Tygon, 2375 AJK0O0002) was connected to the outlet of the microfluidic device and this was
positioned under a UV light source (Omnicure Series 1500) which is situated above a light filter,
allowing only visible light wavelengths through, at 30 - 50 mW/dm?. This allows enough time for

polymerisation of microspheres while flowing through the coiled tubing.

Tubing E——
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(Continuous
phase)
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T . —»
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Figure 4.2 - Schematic representation of the microfluidic apparatus to form hydrogel
microspheres. The continuous phase and macromer phase are delivered into the T-junction by
syringe pumps. The macromer is injected along the main axis of the T-junction via a capillary needle,
while the continuous phase in injected into the chamber perpendicularly. Microspheres exiting the

T-junction are photo-polymerised within the coil then deposited in the collector.
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4.2.6 - GelMA microsphere formation and characterisation

The production of microspheres requires a simultaneous flow of both the dispersed (GelMA) and the
continuous phase (sunflower oil), which allows these to reach equilibrium (at least 5 minutes) to
ensure flow pattern and droplet size stabilized. The UV light source was turned on (50 + 5 mW/dm?)
and microspheres collected in centrifuge tubes containing PBS allowing separation from the oil
phase. Microspheres were washed by centrifugation at 1000 RPM for 3 minutes and transfer into a
fresh falcon tube to remove residual oil. The morphology and size of the microspheres produced
were characterised before and after 24 hours swelling in different culture conditions, such as; room
temperature in PBS, at 37°C in PBS and at 37°C in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Gibco, 10567014). The sample size was three for each group (n=3). Microspheres were imaged

using a Zeiss Axioimager X1 microscope.
4.2.7 - Optimisation of cell encapsulation and BMT assembly using cell-laden GelMA microspheres

L929 murine fibroblasts were cultured in Minimum Essential Medium Eagle (Sigma-Aldrich, M2279)
supplemented with P/S (100 units/ml, 100 pg/ml) and 10% FCS. Cells were collected by
centrifugation at a density of 1 x 10’ cells. GelMA was dissolved in sterile PBS at 5 and 10 wt% and
the macromer solution (1 ml) was used to re-suspend the cell pellet. Sterile photo-initiators Ru and
SPS were added to a final concentration of 0.2 mM and 2 mM respectively and the solution was
gently mixed to ensure even cell distribution. Cell/macromer solution was transferred into a sterile
syringe and microsphere formation was performed utilising sunflower oil with 0.5% Span 80 and a
continuous flow rate of 1000 ul/min and polymer flow rate of 40 pl/min. Microspheres were
separated from the oil as previously described, re-suspended in complete DMEM and incubated at
37°C in 5% CO,. The viability of cells within the microspheres was assessed after 24 hours post-
encapsulation by live/dead staining. Cell-laden microspheres were incubated in the staining solution

in the dark for 30 minutes, washed with PBS and assessed immediately by fluorescence microscopy.

After 3 days post-encapsulation, cell-laden microspheres were incorporated within a 3D plotted
PEGT/PBT polymer scaffolds (1-mm fibre spacing) utilising an automated BMT assembly system
consisting of a fluidic-based singularisation and injection modules incorporated into a commercial
3D bioprinter (SYS-ENG Germany). The singularisation module delivers individual microspheres to an
injection module for high throughput insertion into specific locations in a 3D plotted scaffold (335).

Live/dead staining was performed and assessed as described previously.
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4.2.8 - Encapsulation of MI1192 pre-treated hBMSCs within GelMA hydrogel

Untreated and MI192 pre-treated hBMSCs (50 uM MI192 for 48 hours) were collected by
centrifugation at a density of 5 x 10° cells. 5 wt% GelMA solution (1 ml) was used to resuspend the
cell pellet. Photoinitiators were added to cell/macromer solution as described previously.
Cell/macromer solution was transferred into a sterile silicone mould (@ 5 X 1 mm) placed on a glass
slide. The slide was placed under the light source for 10 minutes at 50 + 5 mW/dm? (Fig 4.3A). Once
crosslinked, cell-laden hydrogels were carefully transferred into low adherent 48 well plates and
cultured in osteogenic medium for 6 weeks. The medium was changed every 3 - 4 days. The sample

size was three for each group (n=3)

Figure 4.3 - In situ representation of A) GelMA hydrogels and B) GeIMA-PEBT/PBT constructs. Cell-

laden GelMA hydrogels placed within silicone moulds with/without 3D printed PEGT/PBT scaffold

(red arrow) prior to photo-polymerisation.
4.2.9 - Fabrication of hBMSCs encapsulated GelIMIA-PEBT/PBT constructs

GelMA-PEBT/PBT construct was created by casting the PEBT/PBT scaffold into the cell-laden
hydrogel during crosslinking (Fig 4.3B). This method was undertaken due to lack of 3D Bio-plotter,
singularisation device and microfluidic apparatus at Leeds to create cell-laden microspheres.
Untreated and MI192 pre-treated hBMSCs were encapsulated within GelMA (5 x 10° cells/ml) and
placed into a sterile silicone mould (@ 5 x 2 mm) on a glass slide. The sterilised 3D printed PEBT/PBT
scaffold (3 x 3 x 2 mm) was placed into the centre of the cell-laden macromer solution and
crosslinked following the previous protocol. GelMA-PEBT/PBT constructs were transferred into low
adherent 48-well plates and cultured in osteogenic medium for 6 weeks. The medium was changed

every 3 - 4 days. The sample size was three for each group (n=3).
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4.2.10 - Microtissue culture and BMT assembly

Untreated and MI192 pre-treated hBMSCs (50 uM MI192 for 48 hours) (2.5 x 10° cells), were
suspended in 250 pl of osteogenic medium in a v-shaped bottom 96-well plate. Microtissues formed
utilising the procedure described in Chapter 2. Following 1 week culture, microtissues were
manually transferred into the scaffold (1 microtissue per pore) using a 1-ml pipette tip to form the
BMT construct. A total of 8 microtissues were incorporated into the scaffold in a bi-layer
configuration (4 microtissues per layer). BMTs were cultured in osteogenic conditions for a
subsequent 6 weeks and the medium was changed every 3 - 4 days. The sample size was three for

each group (n=3).
4.2.11 - 3D construct preparation for ALPSA assay

Following osteogenic culture for 2 weeks, the cell-laden GelMA hydrogel and BMT constructs were
processed for ALPSA assay. Samples were washed twice with PBS and placed in Eppendorf tubes.
500 pl 0.1% Triton X-100 in PBS was added and tubes were vortexed and sonicated for 5 minutes.
Samples were frozen at -80°C then thawed in a 37°C oven, and the freeze/thaw process was
repeated 5 times. Samples were homogenised by passing through a 20-gauge needle between
freeze/thaw steps. Following this, samples were centrifuged at 10000g for 10 minutes at 4°C, then
the lysate was collected and utilised for ALPSA assay described in Chapter 2. The sample size was

three for each group (n=3).
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4.3 - Results
4.3.1 - The Effects of MI192 on the Behaviour and Osteogenic capacity of hBMSCs in 2D culture
4.3.1.1 - Effect of MI192 on hBMSCs morphology

After 24 hours of culturing in basal medium supplemented with/without MI192, the images show
that untreated cells in the basal group possessed the typical fibroblast-like morphology associated
with stromal cells (Fig 4.4). Following treatment with 1 uM MI192, cells possessed a similar
appearance with the untreated group. In the cells treated with 10 uM and greater concentrations,
the morphology of the cells became less fibroblastic in shape, with decreasing cellular density. This
also correlated with the increased quantity of floating dead/detached cells observed in the higher

MI192 concentration groups.

At 48 hours, cells within the basal medium showed a slight increase in cell density with a
continuation of the fibroblastic-like morphology as seen in the same group at the previous time
point (Fig 4.4). In the MI192 treated groups, a similar pattern from the previous time point was
observed, where the groups containing the highest MI192 concentrations exhibited the greatest
reduction in cell density, loss of fibroblastic-like morphology and increased number of floating
dead/detached cells. These observations were much more prevalent at the 48 hour time point

compared to 24 hours.

After 72 hours of MI192 treatment, cells in the basal group continued to exhibit the fibroblastic-like
morphology as seen in the earlier time points, with a slight increase in cell density (Fig 4.4).
Following treatment with 1 uM MI192, there was an increased quantity of floating dead/detached
cells visible when compared to the cells in the same group at the previous time points. Following
treatment with higher MI1192 concentrations (10 to 100 uM), there was a substantial increase in the
quantity of visible floating dead/detached cells with a decrease in the density of attached cells

compared to the lower M1192 dose and the same conditions at the previous time points.
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72 hours

Figure 4.4 - Phase contrast images of hBMSCs treated with/without a range of MI192 dose (1, 10,
20, 50, 100 uM) for 24, 48 and 72 hours. Scale bar = 100 um.
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4.3.1.2 - Effect of MI192 on hBMSCs metabolic activity

Cells were treated with/without M1192 (1 - 100 uM) for up to 72 hours and the effects on hBMSCs
metabolic activity were assessed. Following AlamarBlue analysis, results showed that MI192
treatment caused a time-dose dependent decrease in the metabolic activity of the cells when
compared to the untreated controls (Fig 4.5). After 24 hours, MI192 concentrations of 20 uM and
greater caused a significant decrease in the metabolic activity compared to the untreated control (P
< 0.01). MI192 treatment for 48 hours exhibited a similar dose-dependent reduction in metabolic
activity, where MI192 concentrations of 10 uM and above significantly decreased the metabolic
activity compared to untreated control (P < 0.001). Following 72 hours treatment, MI192
concentrations of 1 pM and above significantly reduced the metabolic activity compared to the

untreated control at that time point (P < 0.001).
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Figure 4.5 - AlamarBlue analysis of hBMSCs metabolic activity treated with/without a range of
MI192 doses (1, 10, 20, 50, 100 uM) for 24, 48 and 72 hours. Data expressed as mean * SD (n=3).
Significance levels shown are the test groups compared to the basal control for that time point. **P

<0.01 and ***P < 0.001.
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4.3.1.3 - Effect of MI192 on hBMSCs DNA quantity

Figure 4.6 shows the effects of MI1192 treatment (1 - 100 uM) on hBMSCs DNA content for up to 72
hours, quantified by PicoGreen assay. Following 24 hours of MI192 incubation, hBMSCs exhibited a
dose-dependent decrease in the DNA quantity, where MI192 concentrations of 10 uM and greater
significantly reduced the DNA content compared to the untreated control group (P < 0.05). A similar
dose-dependent decrease was observed after 48 hours treatment, where MI1192 concentrations of
10 uM and greater significantly reduced the DNA quantity (P < 0.001). At 72 hours, MI192
concentrations of 1 uM and above significantly decreased the DNA content compared to the
untreated control for that time point (P < 0.001). A time-dependent decrease in DNA content was

observed for each MI192 concentration.
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Figure 4.6 - DNA quantification of hBMSCs treated with/without a range of M1192 doses (1, 10, 20,
50, 100 uM) for 24, 48 and 72 hours. Data expressed as mean + SD (n=3). Significance levels shown

are the test groups compared to the basal control for that time point. *P < 0.05 and ***P < 0.001.

167



4.3.1.4 - Effect of MI1192 on HDAC specific activity in hBMSCs

Cells were treated with/without a range of MI192 concentrations (1 - 50 uM) for 24 and 48 hours to
determine the effects of MI192 treatment on hBMSCs HDAC specific activity. MI192 treatment
caused a dose-dependent reduction in hBMSCs HDAC specific activity when compared to the
untreated cells, where MI192 at 1 uM and greater concentrations significantly reduced HDAC
activity (22.1 & >2.36-fold) compared to the untreated cells after 24 and 48 hours treatment (P <
0.001) (Fig 4.7). Between treatment with different MI192 doses, significant reduction in HDAC
specific activity was observed between MI192 concentrations of 1 - 5 uM (P £0.001), 5- 10 uM (P <
0.01), and 20 - 50 uM (P < 0.001) at 24 hours, and between 1 -5 pM (P <£0.001), 5- 10 uM (P < 0.05)
and 10 - 20 uM (P £ 0.05) at 48 hours.
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Figure 4.7 - HDAC specific activity in hBMSCs following MI192 treatment for 24 and 48 hours. Data
expressed as mean * SD (n=3). Significance levels shown are the test groups compared to the basal
control or between adjacent MI192 concentrations at that time point. *P < 0.05, **P < 0.01 and

***p <0.001.
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4.3.1.5 - Effect of MI192 on the histone H3K9 specific acetylation in hBMSCs

Figure 4.8 shows the effects of MI192 treatment (1 - 50 uM) on hBMSCs histone H3K9 specific
acetylation for up to 48 hours, quantified by in situ histone H3-K9 acetylation assay kit. A time-dose
dependent increased in the H3K9 acetylation levels was observed at both time points assessed.
MI192 treatments for 24 hours (1 - 50 pM), significantly downregulated the histone H3K9 specific
acetylation levels when compared to the untreated cells (>1.22-fold) (P < 0.01). However, after 48
hours of MI1192 treatment, concentrations of 20 uM and greater significantly enhanced the histone
H3K9 specific acetylation levels in cells immediately after treatment compared to that in the
untreated cells (>1.28-fold) (P < 0.001) (Fig 4.8). Between the different MI192 concentrations, a
significant increase in acetylation was observed between M1192 doses of 1 - 20 uM (P < 0.05) and 20
- 50 uM (P £ 0.05) at 24 hours, and between 5 - 10 uM (P < 0.01), 10 - 20 uM (P < 0.05) and 10 - 50
UM (P £0.01) at 48 hours.
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Figure 4.8 - H3K9 histone-specific acetylation levels in hBMSCs after treatment with five doses of
MI192 for 24 and 48 hours. Data expressed as mean * SD (n=3). Significance levels shown are the
test groups compared to the basal control or between adjacent MI192 concentrations at that time

point. *P £0.05, **P <0.01 and ***P <0.001.
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4.3.1.6 - Effect of MI192 on hBMSCs cell cycle progression

HBMSCs were cultured with/without 50 uM MI192 for 24, 48 and 72 hours. The percentage of cells

distributed in the phases of the cell cycle is shown in Table 4.1 and Figure 4.9. The representative

FACS histograms show the number of cells at different stages of the cell cycle (Fig 4.10).

Table 4.1 - The effect of MI192 treatment on the distribution of hBMSCs at different phases of the

cell cycle. Cells dosed with/without 50 uM MI192, for 24, 48 and 72 hours. The table shows the

average percentage of cells in each phase of the cell cycle, with the standard deviation (SD).

Go/G1 G2/M S
Phase SD Phase SD Phase SD
Mean % Mean % Mean %

" Untreated 73.03 3.59 11.02 2.18 15.95 1.62
5
o
N -
§ Mi192 70.34 7.73 21.11 2.42 8.55 1.45
" Untreated 73.05 6.22 9.90 1.24 17.05 4.27
5
o
N -
g‘_o Mi192 72.84 1.06 21.14 1.44 6.02 1.77
" Untreated  77.54 2.91 8.33 0.68 14.13 1.48
5
o
N -
o
~ Mi192 78.67 3.14 15.61 0.89 5.72 1.09
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Go/G1 Phase

The percentage of cells within the MI192 treated group was at similar levels to the untreated group,
approximately 70% at the 24 hour time point (P > 0.05) (Fig 4.9). At 48 hours, the percentage of cells
within the Go/G; phase between the groups was again at similar levels and this pattern was
replicated at the 72 hour time point (P > 0.05). The percentage of cells in this phase remained at a
constant level (~70 %) throughout the 72 hour culture period for both the untreated and MI192

treated cells.

G»/M phase

At 24 hours, MI192 treatment significantly enhanced the percentage of cells in the G,/M phase
(21.11%) when compared to the untreated group (11.02%) (P < 0.05). At the 48 and 72 hour time
points, the MI192 treated group maintained the significantly elevated number of cells in the Gy/M
phase (21.14 & 15.61%) compared to the untreated group (9.90 & 8.33%) (P < 0.01 and P < 0.05,
respectively). Both the untreated and MI192 treated G,/M phase cell percentage decreased over

time.

S Phase

At 24 hours, MI1192 treatment causes a significant reduction in the cells within the S phase (8.55%)
compared to the untreated control (15.95%) (P < 0.05). A similar significant decrease in S phase
percentage induced by MI192 treatment (6.02 & 5.72%) was observed compared to the untreated
cells (17.05 & 14.13%) at 48 and 72 hour time points (P < 0.05).
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Figure 4.9 - The percentage of hBMSCs in the Go/Gi;, Go/M and S phase after treatment
with/without 50 uM MI192 for 24, 48 and 72 hours. Data expressed as mean * SD (n=3).
Significance levels shown are the test group compared to the basal control for that time point. *P <

0.05 and **P <0.01.
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Figure 4.10 - Representative histograms from the flow cytometry analysis of hBMSCs cell cycle
distribution dosed with/without 50 pM MI192 for 24, 48 and 72 hours. The first peak represents
cells within the Go/G1 phase, the second peak represents cells in the G,/M phase and the area

between the peaks represents cells in the S phase.
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4.3.1.7 - Effect of MI1192 on ALPSA in hBMSCs

Following MI192 pre-treatment for 24 or 48 hours (10 - 70 uM), hBMSCs were then cultured in
osteogenic condition for 2 weeks, following which ALPSA was quantified (Fig 4.11). At both time
points, untreated cells cultured in osteogenic conditions exhibited a significantly higher ALPSA
compared to the same cells cultured in basal medium (P < 0.001). MI192 pre-treatment for 24 hours
significantly reduced ALPSA of hBMSCs when compared to untreated cells cultured in osteogenic
medium (= 1.38-fold) (P < 0.05). After pre-treatment for 48 hours, MI192 dose of 50 uM significantly
enhanced the ALPSA of hBMSCs compared to the other MI192 concentrations and the untreated
cells cultured in both basal and osteogenic medium (> 1.43-fold) (P < 0.001). 50 uM MI192 pre-
treatment for 48 hours was shown to stimulate hBMSCs ALPSA in different donors shown in the
Appendix (Fig A2). This optimised MI192 pre-treatment condition (50 uM MI192 for 48 hours) was

utilised in the subsequent experiments in this chapter.
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Figure 4.11 - ALPSA in hBMSCs pre-treated with/without MI192 for 24 and 48 hours then cultured
in osteogenic medium. Cells were pre-treated with MI1192 doses (10 - 70 uM) for 24 or 48 hours,
following which cells were cultured in osteogenic medium for 2 weeks, with untreated cells cultured
in basal and osteogenic medium used as the controls. Data expressed as mean * SD (n=3).
Significance levels shown are the test groups compared to the basal/osteogenic control or between

adjacent MI1192 concentrations at that time point. *P < 0.05 and ***P < 0.001.
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4.3.1.8 - Effect of MI192 on the expression of osteogenic genes in hBMSCs

After pre-treatment with/without 50 uM MI1192 for 48 hours, hBMSCs were cultured in osteogenic
conditions for up to 21 days and mRNA levels of key osteoblast-related genes (RUNX2, ALP, BMP2,
COL1A and OCN) was assessed using RT-qPCR (Fig 4.12).

RUNX2

MI192 pre-treatment significantly increased hBMSCs RUNX2 mRNA levels when compared to that in
the untreated cells after 3 days osteogenic culture (1.12-fold) (P < 0.05). A similar pattern was
observed throughout the remaining time points (7, 14 and 21 days) where the MI192 pre-treated
group exhibited significantly higher RUNX2 mRNA levels (1.2-, 1.17- and 1.09-fold, respectively)
compared to that in the untreated cells at each time point (P < 0.05, P < 0.01 and P < 0.01,
respectively). Within both cells, the peak expression was observed on day 7, following which mRNA

expression declined on day 14 and 21.

ALP

After 3 and 7 days in osteogenic medium, the ALP mRNA levels were significantly enhanced within
the MI192 pre-treated cells compared to that in the untreated cells (1.13- and 1.09-fold) (P < 0.05).
On day 14, the ALP mRNA expression was significantly upregulated in the MI192 pre-treated cells
(1.22-fold) (P < 0.01). On day 21, the ALP expression was upregulated compared to that in the
untreated cells, although not significantly (P > 0.05). When compared across the time points, a time-
dependent increase in ALP expression was observed in both cells, with the MI1192 pre-treated group

exhibiting higher expression levels compared to that in the untreated cells at each time point.

BMP2

The BMP2 mRNA levels were significantly elevated in the MI192 pre-treated cells (1.03-, 1.2- and
1.06-fold, respectively) compared to that in the untreated group on day 3, 7 and 21 time points (P <
0.01, P < 0.01 and P < 0.05, respectively), with no significant difference observed between the
groups on day 14 (P > 0.05). When compared across the time points, the MI192 pre-treated cells
exhibited a time-dependent increase in mRNA expression to day 7, following which expression levels
decreased in a time-dependent manner. Within the untreated cells, expression levels remained at
similar levels where a peak in expression was observed on day 14, however, expression was

downregulated following this time point.
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COL1A

After 3 days osteogenic culture, the mRNA levels of COL1IA was reduced in the MI192 pre-treated
cells compared to that in the untreated group, although not significantly (P > 0.05). The COL1A
mRNA levels were significantly upregulated within the MI192 pre-treated cells when compared to
that in the untreated group on day 7 and 14 (1.16- and 1.69-fold) (P < 0.05 and P < 0.01). The
expression levels were similar between the groups on day 21 (P > 0.05). Within both cells, a time-

dependent increase in expression levels was observed, where mRNA expression peaked on day 14.

OCN

MI192 pre-treatment downregulated hBMSCs OCN mRNA levels when compared to that in the
untreated cells on day 3, however not significantly (P > 0.05). After 7 and 14 days osteogenic culture,
OCN mRNA levels were significantly enhanced in the MI192 pre-treated cells compared to that in the
untreated cells at those time points (1.06- and 1.02-fold) (P < 0.05). On day 21, there was a slight
increase in OCN expression exhibited in the MI192 pre-treated cells compared to that in the
untreated control, however not significantly (P > 0.05). Both cells expression peaked on day 7,

following which a time-dependent downregulation in mRNA expression levels was observed.
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Figure 4.12 - Relative expression of osteoblast-related genes in untreated/MI192 pre-treated
hBMSCs after culture in osteogenic conditions. Gene expression analysed on day 3, 7, 14 and 21.
Data expressed as mean * SD (n=3). Significance levels shown are the test group compared to the

untreated control at the same time point. *P <0.05 and **P < 0.01.
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4.3.1.9 - Effect of MI192 on the expression of osteogenic proteins in hBMSCs

Cells were pre-treated with/without 50 uM MI192 for 48 hours, then cultured in osteogenic
conditions for up to 28 days. The expression of key osteoblast-related markers (Runx2, ALP, BMP2,

Colla and OCN) was also assessed at the protein level using ICW (Fig 4.13).
Runx2

The Runx2 protein levels were significantly increased in the MI192 pre-treated cells compared to
that in the untreated group on day 7 and 14 (2.6- and 1.21-fold) (P < 0.05). On day 21 and 28,
expression levels remained significantly upregulated in the MI192 pre-treated cells compared to that
in the control group (2.55- and 2.01-fold) (P < 0.001 and P < 0.01). Within both cells, a time-
dependent increased in protein expression was observed until day 21, following which expression

levels declined.
ALP

The ALP protein expression levels were similar between the groups on day 7, while on day 14
protein expression was significantly increased in the M1192 pre-treated cells compared to that in the
untreated cells (1.35-fold) (P < 0.05). A similar significant upregulation was observed in the M1192
pre-treated cells on both day 21 and 28 compared to that in the untreated control group (1.56- and
1.3-fold) (P £ 0.01). A time-dependent increase in ALP protein expression levels was observed, which

peaked on day 21 within both groups.
BMP2

MI192 pre-treatment significantly enhanced the BMP2 protein levels when compared to that in the
untreated cells after 7 days culture (4.64-fold) (P < 0.01). On day 14, 21 and 28, BMP2 expression
levels remained significantly increased in the MI192 pre-treated group compared to that in the
untreated cells (2.37-, 3- and 3.37-fold, respectively) (P < 0.001). Within both cells, expression levels

increased in a time-dependent manner.
Colla

The Colla protein expression was significantly increased in the MI192 pre-treated cells on day 7 and
14 compared to that in the untreated group (1.44- and 1.56-fold) (P < 0.05 - 0.01). On day 21,
expression levels were slightly higher in the untreated group (P > 0.05), however, the MI192 pre-
treated cells exhibited significantly enhanced protein levels compared to that in the untreated cells

on day 28 (1.05-fold) (P < 0.05). Colla protein expression peaked on day 21 within both groups.
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OCN

OCN protein levels were slightly increased in the MI1192 pre-treated group after 7 days osteogenic

culture, however not significantly (P > 0.05). On day 14, 21 and 28, protein expression levels were

significantly upregulated in the MI192 pre-treated cells compared to that in the untreated cells

(1.92-, 3.08- and 3.04-fold, respectively) (P < 0.001). Within both cells, a time-dependent increase in

OCN protein expression was observed.
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Figure 4.13 - Protein expression of osteoblast-related markers in untreated/MI1192 pre-treated

hBMSCs after culture in osteogenic conditions. Protein expression levels assessed on day 7, 14, 21

and 28. Data expressed as mean * SD (n=3). Significance levels shown are the test group compared

to the untreated control at the same time point. *P <0.05, **P <0.01 and ***P < 0.001.
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4.3.1.10 - Effect of MI1192 on hBMSCs calcium deposition and mineralisation

Figure 4.14A shows the calcium deposition of MI192 pre-treated and untreated hBMSCs after 28
days osteoinductive culture. Extensive Alizarin red staining was observed in both groups, however
staining intensity was much greater in the MI1192 pre-treated cells. Additionally, the MI192 pre-
treated group exhibited increased accumulation of nodules compared to the untreated control
group. Semi-quantitative analysis of the Alizarin red staining showed a significantly higher calcium
deposition in the MI192 pre-treated cells compared to the untreated control (1.4-fold) (P < 0.001)
(Fig 4.14B).
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Figure 4.14 - Effects of MI192 pre-treatment on hBMSCs calcium deposition. A) Alizarin Red stained

images. Microscopic image x100. B) Semi-quantification analysis of Alizarin red staining in
untreated/MI192 pre-treated hBMSCs after 28 days osteogenic culture. Data expressed as mean *

SD (n=3). ***P <0.001.
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Figure 4.15 shows mineral nodule formation within MI192 pre-treated and untreated hBMSCs after
28 days osteogenic culture observed by Von Kossa staining. A substantial increase in black staining
within the MI192 pre-treated group was observed when compared to the untreated control, with an
increased number on nodule-like formations (red arrows) in the HDACi treated group. Additionally,
enhanced Van Gieson’s staining (pink) for collagen deposition was observed in the MI192 pre-

treated group, located in close proximity to the large nodule-like formations.

Untreated MI192 pre-treated

Figure 4.15 - Effect of MI192 pre-treatment on hBMSCs mineral nodule formation. Von Kossa
staining (black) for functional mineral nodules (red arrows) of untreated/MI1192 pre-treated hBMSCs
after 28 days osteogenic culture. Van Gieson’s counter staining undertaken to identify collagen

deposition (pink). Microscopic images at x200 (top row) and x400 (bottom row).
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4.3.2 - The Effects of MI1192 on hBMSCs Osteogenic Differentiation within the GeMA hydrogel

4.3.2.1 - Effect of GelMA concentration on microsphere morphology and size

The GelMA microspheres created exhibited a smooth, spherical morphology in all wt% macromer
concentrations used as shown in Figure 4.16A. Additionally, no noticeable differences in the

morphology of the microspheres in the different culture conditions were observed.

The diameter of the GelMA microspheres immediately after formation was consistently above 1000
pum across the different wt% macromer (Fig 4.16B). The size of the 5 wt% GelMA microspheres after
24 hours incubation in PBS at room temperature slightly decreased compared to before incubation.
Microspheres incubated in PBS at 37°C possessed the greatest shrinkage in microsphere diameter
compared to other swelling conditions, while incubation in DMEM at 37°C produced microspheres of
similar diameter compared to PBS RT. At 10 wt%, 24 hours incubation in PBS at room temperature
caused an increase in microsphere diameter. Incubation at 37°C in both PBS and DMEM caused
shrinkage in diameter compared to before swelling. A similar trend was observed in the 15 wt%

microspheres.
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Figure 4.16 - Effect of GelMA concentration on the morphology and size of microspheres. A) Phase
contrast microscopy images of 5, 10, 15 wt% GelMA microspheres. Scale bar = 200 um. B) The
diameter of GelMA microspheres in different conditions: immediately after formation (before
swelling), 24 hours swelling in PBS at room temperature, 24 hours swelling in PBS at 37°C and 24

hours swelling in DMEM at 37°C. Data expressed as mean + SD (n=3).
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4.3.2.2 - Effect of GelMA concentration on L929 cell-laden GelMA microsphere size and viability

L929 fibroblasts encapsulated in the 10 wt% GelMA microspheres were significantly larger than the
cell-laden 5 wt% group immediately post-formation (Fig 4.17) (P < 0.05). After 24 hours swelling in
medium, the diameters of both wt% increased approximately by 1.5% compared to that before
swelling, although not significantly (P > 0.05). The 10 wt% group continued to exhibit an increased

diameter when compared to the 5 wt% cell-laden microspheres, although not significant (P > 0.05).
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Figure 4.17 - Diameters of 5 and 10 wt% L929 cell-laden GelMA microspheres before and after 24

hours swelling in the medium. Data expressed as mean + SD (n=3). *P < 0.05.

After 24 hours post-encapsulation, live/dead staining of cell-laden GelMA microspheres was
undertaken, and viability assessed using fluorescent microscopy. L1929 cell-laden GelMA
microspheres exhibited high cell viability, where cells were distributed thoroughly throughout the 10
wt% hydrogel (Fig 4.18A). Using the automated assembly device, microspheres were placed into the
pores of the 3D printed PEGT/PBT scaffold 3 days post-encapsulation (Fig 4.18B). Cell-laden GelMA
microspheres remained highly viable, although evidence of dead cells within the hydrogel was

observed.
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Figure 4.18 - Merged Live/Dead fluorescent image of L929 cells encapsulated in 10 wt% GelMA
microspheres (live cells green, dead cells red). A) Cell-laden GelMA microspheres 24 hours after
encapsulation. B) Cell-laden microspheres placed within a 3D PEGT/PBT scaffold using an automated
assembly device 3 days after encapsulation. Scale bars = 500 (left column) and 200 um (right

column), respectively.
4.3.2.3 - Viability of MI192 pre-treated hBMSCs encapsulated within the GelMA hydrogel

Live/dead staining was undertaken on MI192 pre-treated and untreated hBMSCs encapsulated
within the 5 wt% GelMA hydrogels after 24 hours post polymerisation. Figure 4.19A shows cells
were distributed throughout the construct possessing a spherical morphology, with a large number
of viable cells (green) and a low number of dead cells (red) in both groups. The cell density between
the groups were similar at this time point. After 6 weeks culture in osteogenic conditions, cells in
both groups remained highly viable throughout the hydrogel, with little evidence of dead cells (Fig
4.19B). Cells in both groups exhibited a fibroblastic-like spread morphology, however within the
MI1192 pre-treated group, cells displayed a more flattened/elongated morphology compared to the

untreated cells at this time point.
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Figure 4.19 - Merged Live/Dead fluorescent image of untreated/MI192 pre-treated hBMSCs
encapsulated in 5 wt% GelMA (live cells green, dead cells red). A) 24 hours after encapsulation. B)

After 6 weeks osteogenic culture. Scale bars = 100 (top row) and 50 um (bottom row), respectively.
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4.3.2.4 - The effect of MI1192 on hBMSCs ALPSA within the GelMA hydrogel

Figure 4.20 shows ALPSA of MI192 pre-treated and untreated hBMSCs encapsulated within 5 wt%
GelMA hydrogels after cultured in osteogenic conditions for 2 weeks. The results show that ALPSA
was significantly enhanced in the MI1192 pre-treated cells (1.32-fold) when compared to that in the

untreated hBMSCs within the GelMA hydrogel (P <0.001).
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Figure 4.20 - ALPSA in untreated/MI192 pre-treated hBMSCs encapsulated in the GelMA hydrogel.
ALPSA assessed after cell-laden GelMA hydrogels cultured in osteogenic conditions for 2 weeks. Data

expressed as mean + SD (n=3). ***P < 0.001.
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4.3.2.5 - The effect of MI192 on hBMSCs tissue formation within the GelMA hydrogel

Histological analysis was undertaken to assess the effects of MI1192 pre-treatment on hBMSCs tissue
formation within the 5 wt% GelMA hydrogel after 6 weeks osteogenic culture. Following H&E
staining, both MI192 pre-treated and untreated hBMSCs were well distributed throughout the

hydrogels, with a slightly increased number of cells at the periphery of the construct (Fig 4.21).

Untreated MI192 pre-treated

Figure 4.21 - H&E staining of untreated/MI192 pre-treated hBMSCs encapsulated within the
GelMA hydrogel after 6 weeks osteogenic culture. Scale bars = 200 (top row) and 100 um (bottom

row), respectively.
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Picrosirius red/Alcian blue staining was undertaken to assess the effects of MI192 pre-treatment on
hBMSCs collagen and GAG expression within the GelMA hydrogel after 6 weeks osteogenic culture
(Fig 4.22). Both groups exhibited positive Picrosirius red staining for collagens throughout the
hydrogels, with the M1192 pre-treated group displaying stronger global staining intensity compared
to the untreated group. There was little Alcian blue staining for GAG expression in both constructs. A
greater quantity of cells was observed at the periphery in both groups, with an increased quantity of

black/blue staining in these regions.

Untreated MI192 pre-treated
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Figure 4.22 - Picrosirius red/Alcian blue staining of untreated/MI192 pre-treated hBMSCs
encapsulated within the GelMA hydrogel after 6 weeks osteogenic culture. Collagens and GAGs
stained with Picrosirius red and Alcian blue, respectively. Scale bars = 200 (top row) and 100 um

(bottom row), respectively.
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4.3.2.6 - The effect of MI1192 on hBMSCs osteogenic protein expression within the GelMA hydrogel

ALP

Positive ALP protein expression was observed in both MI192 pre-treated and untreated hBMSCs
GelMA constructs, where the greatest staining intensity is located within cellular regions (Fig 4.23).
In both groups, the strongest ALP staining was located at the outer regions of the scaffold. No clear

difference in ALP expression intensity was observed between the groups.

Untreated MI192 pre-treated

Figure 4.23 - ALP immunohistochemical staining of untreated/MI192 pre-treated hBMSCs
encapsulated within the GelMA hydrogel after 6 weeks osteogenic culture. Positive ALP
immunohistochemical staining (brown), with a weak Harris haematoxylin counterstain (purple).

Scale bars = 200 (top row) and 20 pm (bottom row), respectively.
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Colla

Both MI192 pre-treated and untreated hBMSCs GelMA constructs exhibited positive Colla
expression throughout the hydrogel (Fig 4.24), with the strongest staining intensity located at the
periphery. The MI192 pre-treated group exhibited a much stronger global staining intensity for this

protein compared to the untreated control group.
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Figure 4.24 - Colla immunohistochemical staining of untreated/MI192 pre-treated hBMSCs

encapsulated within the GelMA hydrogel after 6 weeks osteogenic culture. Positive Colla
immunohistochemical staining (brown), with a weak Harris haematoxylin counterstain (purple).

Scale bars = 200 (top row) and 20 pm (bottom row), respectively.
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OCN

Positive OCN deposition was observed within both MI192 pre-treated and untreated groups, with
the strongest staining located in cells at the periphery of the construct (Fig 4.25). The MI192 pre-
treated group exhibited much stronger OCN protein staining throughout the construct, both in
cellular regions and the surrounding hydrogel, while OCN staining within the untreated group was
expressed at a much-reduced staining intensity primarily located in the cellular regions. The negative
immunohistochemical staining of MI192 pre-treated and untreated constructs are shown in figure

4.26.

Untreated MI192 pre-treated

Figure 4.25 - OCN immunohistochemical staining of untreated/MI192 pre-treated hBMSCs
encapsulated within the GelMA hydrogel after 6 weeks osteogenic culture. Positive OCN
immunohistochemical staining (brown), with a weak Harris haematoxylin counterstain (purple).

Scale bars = 200 (top row) and 20 pm (bottom row), respectively.
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Figure 4.26 - Negative immunohistochemical staining of untreated/MI192 pre-treated hBMSCs

encapsulated within the GelMA hydrogel after 6 weeks osteogenic culture. Scale bars = 100 um.

4.3.2.7 - The effect of MI192 on hBMSCs calcium deposition and mineralisation within the GeIMA

hydrogel

Alizarin red staining was undertaken on entire MI192 pre-treated and untreated hBMSCs GelMA
constructs after 6 weeks osteogenic culture. Following staining, semi-quantitative analysis of the
Alizarin red stained samples showed that the MI192 pre-treated constructs exhibited significantly

enhanced calcium accumulation compared to untreated groups (1.3-fold) (P < 0.001) (Fig 4.27A).

Alizarin red staining of histological sections is shown in Figure 4.27B. Both groups exhibited strong
red staining, particularly located within the cells in the construct. The MI192 pre-treated group
exhibited much stronger staining throughout the entire hydrogel compared to the untreated
control, located in the cellular regions and in the surrounding hydrogel. Moreover, the MI1192 pre-
treated group displayed an increased quantity of nodule-like formations (black arrows), which

exhibited the strongest Alizarin red staining intensity in the construct.
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Figure 4.27 - Calcium deposition of untreated/MI192 pre-treated hBMSCs encapsulated within the
GelMA hydrogel after 6 weeks osteogenic culture observed by Alizarin red staining. A) Semi-
guantitative analysis of Alizarin red staining in the entire constructs. Data expressed as mean * SD
(n=3). ***P < 0.001. B) Alizarin red staining of histological sections. Nodule-like formations

highlighted by black arrows. Scale bars = 200 (top row) and 100 um (bottom row), respectively.
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Von Kossa staining was undertaken to assess mineralisation within the constructs (Fig 4.28). Both
the MI192 pre-treated and untreated groups exhibited positive Von Kossa staining, where the
strongest black staining was located within the cellular regions and weaker staining situated in the
surrounding hydrogel. Moreover, increased Von Kossa staining intensity was located at the
periphery of the cell-laden hydrogel constructs. The MI192 pre-treated group contained
substantially stronger black staining, with an increased quantity of functional mineral nodules (red

arrows) compared to the untreated control throughout the hydrogel.

Untreated MI192 pre-treated

Figure 4.28 - Mineral nodule formation of untreated/MI192 pre-treated hBMSCs encapsulated

within the GelMA hydrogel after 6 weeks osteogenic culture observed by Von Kossa staining.
Mineral nodule formation highlighted by red arrows. Scale bars = 200 (top row) and 100 um (bottom

row), respectively.
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4.3.2.8 - The effect of M1192 on hBMSCs tissue formation within the GelMA-PEBT/PBT construct

Figure 4.29 shows H&E staining of MI192 pre-treated and untreated hBMSCs encapsulated in the
GelMA-PEBT/PBT constructs after 6 weeks osteogenic culture. The 3D printed scaffold was
successfully incorporated into the hydrogel system during the crosslinking process (scaffold fibres
dislodged during histological analysis). Cells were well distributed throughout the construct, with a

slight increase in cell numbers at the periphery.

Untreated

Figure 4.29 - H&E staining of untreated/MI192 pre-treated hBMSCs encapsulated within the
GelMA-PEBT/PBT construct after 6 weeks osteogenic culture. Scale bars = 200 (top row) and 100

um (bottom row), respectively.
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Picrosirius red/Alcian blue staining was undertaken to investigate the effects of MI192 pre-
treatment on hBMSCs collagen and GAG expression within the GelMA-PEBT/PBT constructs after 6
weeks osteogenic culture (Fig 4.30). Both groups exhibited strong Picrosirius red staining for
collagens throughout the construct, particularly at the outer regions and at the hydrogel/scaffold
interface. The MI192 pre-treated construct possessed substantially increased staining intensity for
Picrosirius red compared to the untreated group. There was little Alcian blue staining for GAG

expression in both groups.

Untreated MI192 pre-treated

Figure 4.30 - Picrosirius red/Alcian blue of untreated/MI192 pre-treated hBMSCs encapsulated
within the GelMA-PEBT/PBT construct after 6 weeks osteogenic culture. Collagens and GAGs
stained with Picrosirius red and Alcian blue, respectively. Scale bars = 200 (top row) and 100 um

(bottom row), respectively.
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4.3.2.9 - The effect of MI192 on hBMSCs osteogenic protein expression within the GelMA-

PEBT/PBT construct
ALP

Both MI192 pre-treated and untreated groups exhibited positive ALP protein expression throughout
the construct, particularly located at the cellular regions (Fig 4.31). The MI192 pre-treated group

exhibited a greater quantity of ALP-positive cells compared to the untreated control group.
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Figure 4.31 - ALP immunohistochemical staining of untreated/MI192 pre-treated hBMSCs
encapsulated within the GelMA-PEBT/PBT construct after 6 weeks osteogenic culture. Positive ALP
immunohistochemical staining (brown), with a weak Harris haematoxylin counterstain (purple).

Scale bars = 100 (top row) and 20 um (bottom row), respectively.
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Colla

Positive Colla protein deposition was observed in both MI192 pre-treated and untreated groups
located throughout the hydrogel, with particular strong staining situated at the hydrogel/scaffold
interface (Fig 4.32). The MI192 pre-treated group displayed substantially greater global Colla

protein expression when compared to the untreated control.

=

Untreated MI192 pre-treated

Figure 4.32 - Colla immunohistochemical staining of untreated/MI192 pre-treated hBMSCs

encapsulated within the GelMA-PEBT/PBT construct after 6 weeks osteogenic culture. Positive
Colla immunohistochemical staining (brown), with a weak Harris haematoxylin counterstain

(purple). Scale bars = 100 (top row) and 20 um (bottom row), respectively.
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OCN

Both MI192 pre-treated and untreated groups exhibited positive OCN protein expression throughout

the GelMA-PEBT/PBT construct (Fig 4.33). The MI192 pre-treated construct exhibited a higher

qguantity of OCN-positive hBMSCs compared to the untreated group. Negative immunohistochemical

staining of both MI192 pre-treated and untreated GelMA-PEBT/PBT constructs is shown in Figure

4.34,
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Figure 4.33 - OCN immunohistochemical staining of untreated/MI192 pre-treated hBMSCs

encapsulated within the GeIMA-PEBT/PBT construct after 6 weeks osteogenic culture. Positive

OCN immunohistochemical staining (brown), with a weak Harris haematoxylin counterstain (purple).

Scale bars = 100 (top row) and 20 um (bottom row), respectively.
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Figure 4.34 - Negative immunohistochemical staining of untreated/MI192 pre-treated hBMSCs
encapsulated within the GelMA-PEBT/PBT construct after 6 weeks osteogenic culture. Scale bars =

100 um.

4.3.2.10 - The effects of MI192 on hBMSCs calcium deposition and mineralisation within the

GelMA-PEBT/PBT construct

Calcium deposition within the MI1192 pre-treated and untreated GelMA-PEBT/PBT constructs was
assessed via Alizarin red staining (Fig 4.35). Positive Alizarin red staining was observed in both
groups within the cellular regions, with the strongest staining situated at the periphery of the
constructs. The MI192 pre-treated group exhibited slightly stronger staining for calcium deposition

when compared to that of the untreated group, particularly at the outer regions of the construct.

The effect of MI192 pre-treatment on hBMSCs mineral nodule formation within the construct was
assessed using Von Kossa staining (Fig 4.36). Positive black staining was observed in both groups,
predominantly in the cellular regions of the construct. The MI192 pre-treated group displayed
substantially increased quantity of mineral nodules throughout when compared to the untreated

construct.
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Figure 4.35 - Calcium deposition of untreated/MI192 pre-treated hBMSCs encapsulated within the
GelMA-PEBT/PBT construct after 6 weeks osteogenic culture observed by Alizarin red staining.

Scale bars = 200 (top row) and 100 um (bottom row), respectively.
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MI192 pre-treated

Figure 4.36 - Mineral nodule formation of untreated/MI192 pre-treated hBMSCs encapsulated
within the GelMA-PEBT/PBT construct after 6 weeks osteogenic culture observed by Von Kossa
staining. Sample counterstained with Van Gieson’s solution (pink). Scale bars = 200 (top row) and 20

um (bottom row), respectively.
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4.3.3 - The Effects of MI1192 on hBMSCs Osteogenic Differentiation within the BMT construct

4.3.3.1 - The effect of MI1192 on hBMSCs osteogenic gene expression in microtissue culture

After pre-treatment with/without 50 uM MI192 for 48 hours, hBMSCs were cultured as microtissues
in osteogenic conditions for up to 21 days and the mRNA levels of key osteoblast-related genes

(RUNX2, ALP, BMP2, COL1A and OCN) were assessed (Fig 4.37).

RUNX2

After 7 days culture, the RUNX2 mRNA levels were increased in the MI192 pre-treated group
compared to that in the untreated cells, however not significantly (P > 0.05). On day 14 and 21, the
expression levels in the MI1192 pre-treated cells was slightly reduced compared to that in the control

group (P > 0.05). The Peak mRNA expression was observed on day 14 in both groups.

ALP

The ALP mRNA expression levels were similar between the groups on day 7 (P > 0.05), however, the
expression was substantially upregulated within the M1192 pre-treated cells when compared to that
in the untreated cells on day 14 and 21 (1.42- and 1.12-fold) (P < 0.01, P £ 0.05). In both groups, the

peak ALP expression was observed on day 7.

BMP2

The BMP2 mRNA levels were significantly upregulated in the MI192 pre-treated cells after 7 days
osteogenic culture compared to that in the untreated group (1.28-fold) (P < 0.01). On day 14, mRNA
levels remained increased in the MI1192 pre-treated group, although not significantly (P > 0.05). The
MI192 pre-treated cells exhibited significantly elevated expression on day 21 (1.2-fold) (P < 0.05). A

time-dependent reduction in BMP2 mRNA expression was observed in both groups.

COL1A

In the MI192 pre-treated cells, the COL1A mRNA levels were significantly increased on day 7
compared to that in the untreated cells (2.11-fold) (P < 0.05). On day 14 and 21, the mRNA
expression levels were similar between the groups (P > 0.05). Peak COL1A expression was observed
on day 7, following which a reduction in expression was observed at day 14. On day 21, expression

levels increased compared to that on day 14.
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OCN

The OCN mRNA levels were significantly increased in the MI192 pre-treated cells compared to that

in the untreated group after 7 days osteoinductive culture (1.15-fold) (P < 0.01). On day 14,

expression levels between the groups were similar (P > 0.05), while on day 21, the mRNA levels were

significantly reduced in the MI192 pre-treated group compared to that in the untreated cells (1.09-

fold) (P < 0.05). Peak OCN expression was observed on day 7, following which a time-dependent

downregulation in expression was observed.
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Figure 4.37 - Relative expression of osteoblast-related genes in untreated/MI192 pre-treated

hBMSC microtissues in osteogenic conditions. Gene expression assessed on day 7, 14 and 21. Data

expressed as mean = SD (n=3). Significance levels shown are the test group compared to the

untreated control at the same time point. *P <0.05 and **P < 0.01.
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4.3.3.2 - The effect of MI192 on hBMSCs ALPSA in BMT culture

The effect of MI192 pre-treatment on hBMSCs ALPSA during BMT culture was assessed after 2
weeks in osteogenic conditions (Fig 4.38). The MI192 pre-treated BMT exhibited a significantly
higher (2.3-fold) ALPSA when compared to that of the untreated group (P <0.001).
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Figure 4.38 - ALPSA of untreated/MI192 pre-treated hBMSCs BMTs. ALPSA of BMT constructs were

assessed after 2 weeks in osteogenic conditions. Data expressed as mean + SD (n=3). ***P <0.001.
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4.3.3.3 - The effect of MI1192 on hBMSCs tissue formation within the BMT construct

Histological analysis was utilised to assess the effects of MI192 pre-treatment on hBMSCs tissue
formation within the BMT construct after 6 weeks osteogenic culture. Following H&E staining, the
incorporated microtissues occupied the entire internal void volume of the 3D printed scaffold
(scaffold fibres dislodged during histological analysis), where microtissue fusion was observed (Fig
4.39). Within the MI192 pre-treated group, extensive dense tissue formation was observed
throughout the construct, with increased intensity situated at the periphery. The untreated group
exhibited similar dense tissue formation, however, this was distributed more aberrantly in the
construct, primarily at the outer regions. Moreover, within the MI192 pre-treated BMT, tissue

formation was aligned in a unidirectional fashion within the construct.

Untreated MI192 pre-treated

Figure 4.39 - H&E staining of untreated/MI192 pre-treated hBMSC BMT constructs after 6 weeks
osteogenic culture. Incorporated microtissues (stained pink/purple) fused with neighbouring tissue
modules around internal scaffold fibres. Scale bars = 200 (top row) and 100 pum (bottom row),

respectively.
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Following Picrosirius red/Alcian blue staining, both the MI192 pre-treated and untreated groups
exhibited positive Picrosirius red staining for collagen deposition (Fig 4.40). Collagen expression was
more uniformly distributed within the MI1192 pre-treated BMT when compared to the aberrant
distribution observed in the untreated group. Moreover, the MI192 pre-treated group possessed an
enhanced quantity of nodule-like formations (black arrows) exhibiting strong Picrosirius red staining
intensity, while more fibrous tissue formation was observed within the untreated group.
Additionally, the untreated constructs possessed a more extensive global Alcian blue staining when
compared to the MI192 pre-treated group, with areas of intense GAG expression observed (blue

arrows).
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Figure 4.40 - Picrosirius red/Alcian blue staining of untreated/MI192 pre-treated hBMSC BMT
constructs after 6 weeks osteogenic culture. Collagens and GAGs stained with Picrosirius red and
Alcian blue, respectively. Strong Picrosirius red staining located in circular nodules highlighted with
black arrows. Strong Alcian blue staining highlighted with blue arrows. Scale bars = 50 (top row) and

25 um (bottom row), respectively.
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4.3.3.4 - The effect of MI1192 on hBMSCs osteogenic protein expression within the BMT construct

ALP

The MI192 pre-treated group displayed strong ALP protein expression throughout the BMT, with the
strongest staining situated at the periphery of the construct and at the microtissue/scaffold
interface (Fig 4.41). The untreated group also exhibited positive ALP expression; however, the
majority of the staining appeared in the outer regions of the individual microtissues and at the
microtissue/scaffold interface. Areas of negative ALP expression were observed within the centre of
certain microtissues within the untreated construct. Additionally, the M1192 pre-treated construct
exhibited an increased quantity of nodule-like formations (red arrows) throughout the BMT which
expressed the strongest ALP staining intensity. The untreated group possessed these nodule-like

formations at the outer regions of the microtissues.

Untreated MI192 pre-treated

Figure 4.41 - ALP immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT
constructs after 6 weeks osteogenic culture. Positive ALP immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Nodule-like formations highlighted with red

arrows. Scale bars = 200 (top row) and 25 um (bottom row), respectively.
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BMP2

The MI192 pre-treated group exhibited positive BMP2 protein expression distributed throughout the
construct, with the strongest intensity located towards the outer regions and at the
microtissue/scaffold interface (Fig 4.42). In comparison, the untreated group exhibited little
evidence of BMP2 protein staining, however weak protein expression was observed at the edges of

the BMT construct and at the microtissue/scaffold interface.

Untreated MI192 pre-treated

Figure 4.42 - BMP2 immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT
constructs after 6 weeks osteogenic culture. Positive BMP2 immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 25 um

(bottom row), respectively.
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Colla

The MI192 pre-treated group exhibited positive Colla protein expression throughout the BMT, with
the strongest staining intensity located towards the outer regions of the construct and also at the
microtissue/scaffold interface (Fig 4.43). Positive Colla protein expression was present within the
untreated hBMSC BMT, however at a much-reduced staining intensity situated aberrantly in the
construct when compared to the MI192 pre-treated group. With both constructs, nodule-like
formations were observed which exhibited increased Colla staining intensity (black arrows). These
Colla-positive nodule-like formations were expression at a higher quantity in the MI192 pre-treated

group, and more homogenously distributed throughout the construct.

Untreated MI192 pre-treated

Figure 4.43 - Colla immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT
constructs after 6 weeks osteogenic culture. Positive Colla immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Nodule-like formations highlighted with

black arrows. Scale bars = 200 (top row) and 25 um (bottom row), respectively.
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OCN

The MI192 pre-treated group exhibited positive OCN protein expression throughout the construct at
a much-increased staining intensity when compared to the untreated control (Fig 4.44). Within both
groups, increased OCN expression was observed towards the periphery of the BMT construct and at
the microtissue/scaffold interface. Both groups exhibited the strongest protein expression situated

in the nodule-like formations (red arrows), which were of increased quantity in the MI192 pre-

treated group.

Untreated MI192 pre-treated
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Figure 4.44 - OCN immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT

constructs after 6 weeks osteogenic culture. Positive OCN immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Nodule-like formations highlighted with red

arrows. Scale bars = 200 (top row) and 25 um (bottom row), respectively.

212



4.3.3.5 - The effect of MI192 on hBMSCs chondrogenic protein expression within the BMT

construct

AGG

AGG immunohistochemical staining was undertaken to determine the effects of MI192 pre-
treatment on hBMSCs chondrogenic protein expression within this 3D in vitro model (Fig 4.45).
Within the MI192 pre-treated group, the AGG protein expression was at a much-reduced staining
intensity when compared to the untreated control group, where AGG expression was observed

throughout the construct.

Untreated MI192 pre-treated

constructs after 6 weeks osteogenic culture. Positive AGG immunohistochemical staining (brown),

with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 25 um

(bottom row), respectively.
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Col2a

The MI192 pre-treated group exhibited weak Col2a protein expression within the construct,
primarily located at the outer regions of the construct (Fig 4.46). In comparison, positive Col2a
staining was observed within the untreated group at a higher staining intensity throughout the
construct, particularly at the microtissue/scaffold interface and at the periphery of the construct.
The negative immunohistochemical staining of MI192 pre-treated and untreated hBMSC BMTs is

shown in Figure 4.47.
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Figure 4.46 - Col2a immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT
constructs after 6 weeks osteogenic culture. Positive Col2a immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 25 um

(bottom row), respectively.
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Figure 4.47 - Negative immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT
constructs after 6 weeks osteogenic culture. Scale bar = 50 (top row) and 25 pum (bottom row),

respectively.
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4.3.3.6 - The effect of MI192 on hBMSCs calcium deposition and mineralisation within the BMT

construct

The MI192 pre-treated and untreated BMTs exhibited extensive Alizarin Red staining for calcium
deposition throughout the constructs (Fig 4.48). Positive Alizarin red staining within the MI1192 pre-
treated group was uniformly distributed throughout the BMT, while the control group possessed
enhanced staining towards the periphery of the construct and at the microtissue/scaffold interface.
Moreover, the untreated group exhibited areas of weak Alizarin red staining within the core of some
microtissues. Increased quantity of large circular nodules (black arrows) was observed throughout
the MI192 pre-treated group when compared to the untreated BMT which exhibited these nodules

at the microtissue/scaffold interface and at the periphery of the construct.

Untreated MI192 pre-treated

Figure 4.48 - Calcium deposition of untreated/MI192 pre-treated hBMSC BMT constructs after 6
weeks osteogenic culture observed by Alizarin red staining. Nodule-like formations highlighted with

black arrows. Scale bars = 200 (top row) and 25 um (bottom row), respectively.
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To assess the effect of MI1192 pre-treatment on hBMSCs mineralisation within the BMT constructs,
Von Kossa staining was undertaken. Figure 4.49 shows both the MI192 pre-treated and untreated
groups exhibited extensive black staining indication the formation of functional mineral nodules
within the construct. In the MI192 pre-treated group, extensive black staining was uniformly
distributed throughout the BMT, however, positive mineral nodule formation in the untreated group

was situated at the microtissue/scaffold interface and at the periphery of the construct, with areas

within the core of the microtissues exhibiting negative nodule formation.

Figure 4.49 - Mineral nodule formation of untreated/MI192 pre-treated hBMSC BMT constructs
after 6 weeks osteogenic culture observed by Von Kossa staining. Scale bar = 50 (top row) and 25

um (bottom row), respectively.
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4.3.4 - The Effects of MI1192 on hBMSC BMT in vivo bone formation

4.3.4.1 - Macroscopic and X-ray analysis of hBMSC BMT constructs

Following the extraction of diffusion chambers from 8 weeks in vivo implantation, macroscopic
assessment of hBMSC BMT constructs was undertaken. Within the chambers, the 3D printed
scaffold remained intact containing the microtissues which were incorporated prior to placement
within the chambers (Fig 4.50A). No tissue formation was detected in the regions surrounding the
BMT construct within the chamber. Following X-ray analysis, strong radio-opacity was observed
within the BMTs particularly in the microtissue regions of the construct (Fig 4.50B). The MI192 pre-
treated group displayed strong radio-opacity throughout all visible microtissues in the construct. In
comparison, the untreated group exhibited weaker radio-opacity within the BMT, with stronger

intensity primarily located towards one face of the construct.

Untreated MI192 pre-treated

Figure 4.50 - Macroscopic and X-ray images of untreated/MI192 pre-treated hBMSC BMT
constructs after 8 weeks in vivo implantation. A) Macroscopic images immediately post extraction.

B) X-ray radiographs of BMT following extraction.
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4.3.4.2 - The effect of MI192 on hBMSCs tissue formation during BMT in vivo implantation

Histological analysis was undertaken to assess the effects of MI1192 pre-treatment on hBMSCs tissue
formation within the BMT construct following 8 weeks in vivo implantation (Fig 4.51). Within both
groups, incorporated microtissues were seen occupying the internal void volume of the 3D printed
scaffold confirmed via H&E staining (some scaffold fibres dislodged during histological analysis).
Within the MI192 pre-treated group, areas of denser tissue formation (dark purple) were observed
at the periphery of each microtissue, while within the untreated group dense tissue formation was

situated towards the right face of the construct.
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Figure 4.51 - H&E staining of untreated/MI192 pre-treated hBMSC BMT constructs after 8 weeks in

vivo implantation. Scale bars = 200 (top row) and 100 um (bottom row), respectively.
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The MI192 pre-treated group exhibited positive Picrosirius red staining throughout the scaffold, with
the strongest expression for collagens located at the edges of individual microtissues and at the
periphery of the construct. In comparison, the untreated group exhibited positive collagen
deposition located primarily towards the left half of the construct, although positive expression was
also observed at the right face of the construct. The strongest expression for Picrosirius red was
situated in the nodule-like formations within the constructs (black arrows), where an increased
guantity was observed within the MI192 pre-treated group. The MI192 pre-treated group exhibited
little Alcian blue staining for GAG accumulation, while the untreated group displayed increased GAG

expression, primarily situated in the right half of the construct.
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Figure 4.52 - Picrosirius red/Alcian blue staining of untreated/MI192 pre-treated hBMSC BMT

constructs after 8 weeks in vivo implantation. Collagens and GAGs stained with Picrosirius red and
Alcian blue, respectively. Strong Picrosirius red staining located in circular nodules highlighted by

black arrows Scale bars = 200 (top row) and 20 um (bottom row), respectively.
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4.3.4.3 - The effect of MI192 on hBMSCs osteogenic protein expression during BMT in vivo

implantation
Colla

Positive Colla protein expression was exhibited in both MI1192 pre-treated and untreated constructs
(Fig 4.53). The MI192 pre-treated group displayed increased Colla deposition intensity within each
microtissue in the construct compared to the untreated group which exhibited weak expression

throughout.
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Figure 4.53 - Colla immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT

constructs after 8 weeks in vivo implantation. Positive Colla immunohistochemical staining
(brown), with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 20

um (bottom row), respectively.
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OCN

Both the MI192 pre-treated and untreated groups displayed positive expression for OCN which was
distributed throughout the constructs (Fig 4.54). The global OCN staining intensity was slightly
stronger in the MI192 pre-treated construct when compared to the untreated group. The untreated
group exhibited increased OCN expression intensity primarily towards the right face of the construct,
while the greatest OCN staining intensity was located within each incorporated microtissue in the

MI192 pre-treated BMT group.

Figure 4.54 - OCN immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT

constructs after 8 weeks in vivo implantation. Positive OCN immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 20 um

(bottom row), respectively.
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4.3.4.4 - The effect of MI192 on hBMSCs chondrogenic protein expression during BMT in vivo

implantation
AGG

The MI192 pre-treated group exhibited little AGG protein expression throughout the construct (Fig
4.55). In comparison, the untreated group displayed substantially increased AGG staining intensity
compared to the MI192 pre-treated group, which was distributed throughout the construct with a

slightly increased intensity situated at the right face of the BMT.

Untreated MI192 pre-treated
'g WW-J""T’-”}Q

- ~

~200 pm
—_—

v

R " W g ) 's, :,q .
YANgY w sl N nk ,'._‘ﬂ:/” B .Jfl;ﬁ L !

Figure 4.55 - AGG immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT

constructs after 8 weeks in vivo implantation. Positive AGG immunohistochemical staining (brown),
with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 20 um

(bottom row), respectively.
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Col2a

The MI192 pre-treated construct exhibited weak Col2a protein deposition when compared to the
untreated group, which possessed strong protein expression distributed uniformly throughout the
construct, with particular enhanced intensity located towards the right face of the construct (Fig

4.56). Negative immunohistochemical staining was undertaken on the MI192 pre-treated and

untreated hBMSC BMT constructs (Fig 4.57).

MI192 pre-treated

Figure 4.56 - Col2a immunohistochemical staining of untreated/MI192 pre-treated hBMSC BMT

constructs after 8 weeks in vivo implantation. Positive Col2a immunohistochemical staining
(brown), with a weak Harris haematoxylin counterstain (purple). Scale bars = 200 (top row) and 20

um (bottom row), respectively.
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4.3.4.5 - The effect of M1192 on hBMSCs calcium deposition and mineralisation during BMT in vivo

implantation

Calcium deposition within the MI192 pre-treated and untreated hBMSC BMTs are shown in Figure
4.58 following Alizarin red staining. The MI192 pre-treated group possessed slighter stronger Alizarin
red staining located at the periphery of the individual microtissues. Within the untreated BMT,
calcium deposition was observed throughout the construct at a similar intensity as the MI192 pre-

treated group, with increased calcium deposition observed towards the right face of the construct.

Untreated MI192 pre-treated
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Figure 4.58 - Calcium deposition of untreated/MI192 pre-treated hBMSC BMT constructs after 8
weeks in vivo implantation observed by Alizarin red staining. Scale bars = 200 (top row) and 100

um (bottom row), respectively.
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Mineralisation within the MI1192 pre-treated and untreated hBMSC BMT constructs was analysed via
Von Kossa staining (Fig 4.59). The MI192 pre-treated group exhibited extensive black staining
intensity for mineral nodule deposition primarily situated at the edges of the individual microtissues
and at the periphery of the construct. Within the untreated group, mineral nodules were observed

throughout the construct, with increased mineralisation located at the right face of the construct.

Untreated MI192 treated

Figure 4.59 - Mineralisation of untreated/MI192 pre-treated hBMSC BMT constructs after 8 weeks
in vivo implantation observed by Von Kossa staining. Scale bars = 200 (top row) and 100 um

(bottom row), respectively.
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4.4 - Discussion

For bone tissue engineering applications, BMSCs have been the gold standard MSC source utilised
for many decades due to their well-characterised properties, established isolation methods and
proven differentiation down the mesoderm lineages (153). Although BMSCs have been extensively
utilised, researchers have found limited clinical success due to drawbacks including low procurement
yield, invasive acquisition, extensive in vitro expansion required and their inherent heterogeneity
(222). Alternative MSCs have been investigated for bone tissue engineering applications such as
ADSCs and DPSCs (375, 376), however, BMSCs still remains the preferred cell type for bone
augmentation strategies. Recent technologies have looked to enhance the potency of these cells for
bone regeneration via gene therapy, however, results have been inconsistent and there are safety
concerns associated with their clinical translation (15). Modifications to the epigenome for tissue
engineering purposes have recently gained notoriety due to their ability to affect cellular functions
without inherently altering the genome. The use of HDACis has shown promise for enhancing MSCs
osteogenic potential with an increasing number of reports demonstrating the feasibility of this
epigenetic approach (204, 291). Although the potential of these compounds has been
demonstrated, the majority of research has utilised non-selective panHDACis which are associated
with reduced differentiation efficacy and unwanted side-effects (213). Several studies have
demonstrated that HDAC3 is linked to osteogenic differentiation (140, 262). Previously, the selective
HDAC2 and 3 inhibitor - MI192 substantially enhanced the osteogenic potential of ADSCs when
compared to non-selective panHDACi TSA (214). Additionally, MI192 was shown to promote the
osteogenic capacity of hDPSCs in Chapter 3 in this thesis. Therefore, the aim of this chapter was to
investigate the effects of the HDAC2 & 3 selective inhibitor - MI1192 on the behaviour and osteogenic

capacity of hBMSCs on 2D and 3D in vitro and in vivo.

4.4.1 - The effects of MI192 on hBMSCs general behaviour in 2D culture

HDAC enzymes are known to target numerous histone and non-histone proteins which are involved
in several cellular processes such as proliferation, differentiation, cell cycle regulation and apoptosis
(83, 91). Therefore, it is clear inhibiting the activity of these enzymes will likely dysregulate these key
cellular processes. Numerous studies have demonstrated the potential of HDACi compounds for
initiating cell death, particularly against cancerous cells which possess increased sensitivity to these
compounds compared to non-transformed cells (129, 377, 378). Due to the potential side-effects of
utilising HDACis, it is important to investigate the effects of MI1192 on hBMSCs viability in order to
enhance MI192 clinical safety and efficacy. In this study, the effects of M1192 treatment on hBMSCs

morphology, metabolic activity and DNA content were evaluated.
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From the morphological assessment, it is clear that MI192 treatment caused a time-dose dependant
reduction in the viability of the hBMSCs with increased numbers of floating dead/detached cells
visible at higher MI192 concentrations and at the longer time points. Studies performed previously
showed a similar effect on the morphology of ADSCs following M1192 treatment (214), indicating
lower MI192 concentrations halts proliferation, while higher concentrations caused cell
detachment/death. This time-dose dependent reduction in cell density upon MI192 treatment
correlated with findings in the literature with TSA treated hDPLCs (291). Therefore, the reduced cell
density and increased quantity of floating dead/detached cells induced by MI192 indicate the

cytotoxic effects of this HDACiI.

In addition, the effects of MI1192 on hBMSCs metabolic function and cell health were also evaluated
as an indication of its impact on cell viability. From the AlamarBlue assay, a time-dose dependant
reduction in the metabolic activity was observed, correlating with the morphological assessment in
this study. Previous research utilising this selective HDACi on leukaemia cell lines and ADSCs
demonstrated a similar time-dose dependent reduction in the metabolic function of the treated cells
(100, 214). The effect of MI192 on the metabolic activity of hBMSCs may be indicative of its
cytotoxic properties particular at higher concentrations, as only viable cells possess metabolic
activity. However, the ability of this HDACi in altering cell cycle progression, as confirmed from the
cell cycle analysis in this chapter, may have an effect on the metabolic activity of these cells, as cell

cycle and metabolic activity is closely linked (268).

To assess the effects of M1192 on hBMSCs proliferation and cell death, DNA content was quantified
via the PicoGreen assay. From the results, M1192 induced a time-dose dependent reduction in DNA
content, consistent with the effects of this HDACi on hBMSCs morphology and metabolic activity
observed in this study. This result indicates the effect of MI1192 in halting the proliferation of cells at
lower concentrations and the cytotoxic effects of this HDACi at higher concentrations, consistent
with the findings from MI192 treated ADSCs (214). As this assay quantifies the DNA content of
attached cells, the floating dead/detached cells observed in the morphological assessment (which

may contain viable cells) would have been removed and not included in the quantification.

Several studies have reported that HDACi compounds have the potential to affect cellular adhesion
by blocking the expression of key adhesion proteins (272, 273). In a time-dose dependent manner, a
large quantity of floating dead/detached cells was observed in the MI192 treated groups (Fig 4.4),
which are presumed dead but may contain unattached viable cells. To confirm whether the
unattached cells from the morphological assessment were viable, the MI192 treatment medium

which contained the floating dead/detached cells was collected and the metabolic activity was
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assessed, shown in the Appendix (Fig A5). From the results, the untreated group (basal medium
supernatant), possessed significantly higher metabolic activity compared to the MI192 treatment
groups for all time points assessed. This suggests that the untreated group, which possessed a low
number of floating dead/detached cells from the morphological assessment, exhibited significantly
higher metabolic activity from the few viable cells washed off/collected compared to the enhanced
number of floating dead/detached cells observed in the MI192 treated groups. These findings
indicate that the increased quantity of floating dead/detached cells induced by MI192 treatment
were non-viable. Together, these results demonstrate that MI192 caused a time-dose dependent
reduction in the viability of hBMSCs; therefore, the exposure of this HDACi on hBMSCs to enhance

osteogenesis must be tightly controlled.

Normal cellular functions such as proliferation, differentiation and apoptosis are tightly controlled by
the cell cycle (379). Studies have demonstrated that HDACis have the ability to disrupt the cell cycle
at various stages (39, 40). In this study, 50 uM MI192 was utilised as this concentration was found to
enhance hBMSCs histone H3K9 acetylation levels and osteogenic capacity from the ALPSA results in
this chapter (Fig 4.8 and 4.11). MI192 treatment decreased the percentage of cells in the S phase,
and simultaneously increased the number of cells in the G,/M phase of the cell cycle. This replicated
the work performed previously with M1192 treated ADSCs (214). The G>/M checkpoint is where the
cell checks for DNA damage and undergoes repair prior to cellular division. Studies have
demonstrated the ability of HDACis to induce DNA damage which resulted in the similar
accumulation of cells in the G,/M phase (278, 279). Therefore, the enhanced accumulation in this
phase may be due to an increased response to DNA damage induced by MI192 resulting in cell cycle
arrest. This may be linked to the reduction in proliferation and high cell death observed in the M1192
treated hBMSCs in the cell viability analysis. VPA and NaB were demonstrated to block cell cycle
progression of ADSCs and hUCSCs, similar to the observations in this study (264). Jiang et al. (2014)
demonstrated the importance of HDAC3 in controlling cell cycle progression, where HDAC3
knockdown neural stem cells were unable to progress through the G,/M phase due to the
dysregulation of CDK1 activity (119). These authors postulated HDAC3 involvement in the post-
translational stabilisation of CDK1, preventing its degradation via ubiquitination. Similarly, Videl-
Laliena et al. (2013) reported the role of HDAC3 in deacetylating cyclin A, the cyclin partner of CDK1,
preventing its ubiquitination and subsequent degradation within Hela cells (380). These studies
suggest HDACis dysregulates HDAC3 non-histone substrates which are integral in controlling cell
cycle progression, particularly through the G,/M checkpoint. The results of the present study

demonstrated that MI1192 halted hBMSCs cell cycle progression at the G,/M phase, indicating the
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role of this inhibitor in halting proliferation and synchronising cell cycle progression. This

synchronisation of the cell cycle may be beneficial in inducing differentiation (381).

HDACi compounds have shown the potential in stimulating differentiation of MSCs, as they are
highly receptive to epigenetic changes (281). Therefore, it is important to acquire a deeper
understanding of the possible mechanisms in which MI192 alters hBMSCs epigenome. Previous
reports have demonstrated that MI1192 was able to inhibit the HDAC activity in Hela, PC3 and ADSCs
(100, 282). The result of this study showed that MI192 treatment for 24 and 48 hours significantly
reduced HDAC specific activity in hBMSCs immediately after treatment (>51 and 58% reduction
compared to untreated cells, respectively), where increasing MI1192 concentrations further reduced
HDAC activity in a time-dose dependant manner. These findings were consistent with previous
studies assessing the effect of M1192 on ADSCs HDAC activity (214). Compared to the HDAC activity
results acquired in the MI192 treated ADSCs, a greater fold reduction was observed in the MI192
treated hBMSCs (10 uM MI192 reduced HDAC activity 2.4- and 2.7-fold (ADSCs) vs 2.7- and 3.6-fold
(hBMSCs) after 24 and 48 hours, respectively).

Following HDAC activity analysis, it is important to evaluate the downstream effects of HDAC
inhibition on histone H3K9 acetylation levels within the cell. Acetylation at these sites is associated
with a transcriptionally permissive chromatin structure (71). After 48 hours treatment, MI192
concentrations of 220 uM significantly enhanced histone H3K9 acetylation compared to the
untreated cells, while MI1192 treatment for 24 hours was unable to enhance H3K9 acetylation when
compared to the untreated control. Although concentrations as low as 1 uM MI192 significantly
reduced HDAC activity at both time points, a higher concentration was required (for 48 hours) to
significantly upregulate H3K9 acetylation immediately after treatment, where osteogenic medium
would be introduced. Although a dose-dependent increase in acetylation was observed after 24
hours treatment, H3K9 acetylation was significantly reduced in the MI192 treated cells compared to
the untreated control. Previously it has been reported that MI192 exhibits a >250-fold selectivity for
HDAC2/3 when compared to other HDAC isoforms (100). Therefore, within the MI1192 pre-treated
hBMSCs at this time point, uninhibited HDAC enzymes could still remain and deacetylate the H3K9
site. In addition to acetylation at the histone H3K9 site, histone locations such as H3K14, H3K27 and
H4K5, HAK8, H4K12, H4K16 are also involved in the regulating the transcriptional permissiveness of
the chromatin (61, 62). Therefore, the acetylation profile at these sites induced by MI192 may differ
from the results acquired for H3K9 acetylation in this study, although this would require further
investigation. Moreover, having demonstrated the MI192 treatment condition of >20 uM for 48

hours significantly enhanced H3K9 acetylation, this likely induced the conformational change in the
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chromatin (heterochromatin to euchromatin). The increased transcriptional permissive of the
chromatin likely enhanced the efficacy of introduced osteogenic growth factors, confirmed from the

ALPSA results in this chapter (Fig 4.11).

4.4.2 - The effects of MI192 on hBMSCs osteogenic capacity in 2D culture

Numerous panHDACis have been demonstrated to enhance the osteogenic potential of MSCs in the
literature (209, 212). Although showing promise, the use of non-selective HDACis are associated
with limitations (213). Therefore, the use of isoform-selective HDACis have garnered increasing
interest to stimulate the efficacy of MSCs for tissue engineering applications. Previously it was
demonstrated that the HDAC2 and 3 selective inhibitor - M1192 enhanced ADSCs osteogenic capacity
when compared to the use of the panHDACi TSA (214). Consequently, in this study, the effects of
MI192 on hBMSCs osteogenic capacity was investigated by assessing ALPSA, osteoblast-related

gene/protein expression, calcium deposition and mineralisation in 2D in vitro culture.

To determine the optimal treatment condition for promoting hBMSCs osteogenic differentiation, the
effects of M1192 on hBMSCs ALPSA was evaluated. A pre-treatment strategy was adopted due to the
effects of prolonged exposure of MI192 on hBMSCs viability (Fig 4.4 - 4.6) and this approach has
been similarly employed in the literature (210, 214). Moreover, it was previously demonstrated that
prolonged exposure with MI192 had a detrimental effect on the osteogenic capacity of ADSCs (214).
From the results of this present study, pre-treatment with 50 uM MI192 for 48 hours significantly
enhanced ALPSA compared to the other MI192 pre-treatment doses and the untreated controls. A
similar stimulation in ALP activity was demonstrated in the literature with TSA and Vorinostat
treated hBMSCs (19, 74). Moreover, this replicated studies performed previously, where MI192 pre-
treatment of 30 uM for 48 hours significantly enhanced ALPSA of ADSCs, while these concentrations
significantly reduced cell viability (214), similar to this study. These higher “toxic” concentrations
required to initiate lineage-specific differentiation may be due to the basal phenotype of the cells, as
hBMSCs exhibit reduced osteogenic potential compared to MSCs such as hDPSCs (265, 382);
therefore, a greater “push” is required to stimulate hBMSCs osteogenic differentiation. In addition,
from the acetylation results, MI1192 incubation for 24 hours downregulated H3K9 specific acetylation
immediately post HDACi treatment (Fig 4.8), indicating this treatment condition was unable to open
the chromatin structure to a sufficient degree to enhance osteogenesis at this time point. This
emphasises the importance of chromatin transcriptional permissiveness in controlling MSCs
differentiation. M1192 concentrations of 220 uM for 48 hours significantly upregulated histone H3K9
acetylation levels prior to the introduction of the osteogenic medium, indicating these

concentrations increased the transcriptional permissiveness of the chromatin. This likely enhanced
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the accessibility of osteogenic growth factors to their targets of interest, such as the promoter
regions of key osteogenic genes. Moreover, this pre-treatment condition might be the
dosage/duration necessary to selectively inhibit HDAC3 to a sufficient degree, resulting in the
enhanced efficacy of the Runx2 transcription factor. Interestingly, several studies have reported the
reduction on HDAC3 expression following HDACi treatment (283, 291), therefore, this may
potentiate the effects of MI192 on stimulating hBMSCs osteogenesis after the removal of the pre-

treatment medium.

It is well known that MSC properties such as differentiation are affected by the donor in which they
are sourced (287, 288). To assess the effects of donor variability and to ensure the increase in ALPSA
induced by MI192 was not donor-dependent, the effects of MI192 pre-treatment on hBMSCs ALPSA
was analysed in two different donors, shown in the Appendix (Fig A2). From the donors assessed, it
was confirmed that MI192 pre-treatment of 50 uM for 48 hours significantly increased ALPSA when
compared to the other MI192 doses (30 and 70 uM) and the untreated controls. The findings of this
study confirm that MI192 stimulation of hBMSCs osteogenic capacity was not donor-dependent,
providing greater evidence for the effective use of this HDACi in the clinical setting. Due to the
greater fold increase in ALPSA observed in cells acquired from donor 1 and for practicality reason,
these cells were utilised to further investigate the effects of M1192 on hBMSCs in this chapter. The
capability of MI192 to stimulate hBMSCs osteogenesis from multiple donors were consistent with
similar findings acquired with MI192 pre-treated ADSCs (214). The optimised MI192 pre-treatment

condition of 50 uM MI192 for 48 hours was used for the subsequent studies in this chapter.

It has been reported in the literature that HDACis are able to modify gene expression dues to their
ability to alter epigenetics (209, 212, 285). In order to acquire a deeper understanding into the
mechanism in which MI192 enhances hBMSCs osteogenic capacity, the effects of MI192 pre-
treatment in stimulating hBMSCs osteoblast-related gene expression and the subsequent

downstream protein expression were evaluated by RT-qPCR and ICW, respectively.

The role of Runx2 in osteoblast differentiation was demonstrated by Komori et al. (1997), where
homozygous and heterozygous Runx2 knockout mice possessed a lack of mineralisation and
impaired calvaria osteogenesis, respectively (383). Additionally, it has been shown that this
transcription factor mediates the expression of numerous osteogenic genes such as bone
sialoprotein, osteopontin, RANKL and OCN (384). In the present study, RUNX2 mRNA levels were
significantly upregulated in the M1192 pre-treated hBMSCs compared to that in the untreated cells
throughout the culture period assessed. This correlated with work performed previously with ADSCs,

however, expression was only significantly increased in the MI192 pre-treated ADSCs on day 7 and
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14 (214). The difference in the stimulation of RUNX2 expression is likely due to BMSCs exhibiting an
increased osteogenic potential compared to ADSCs (318, 319). Relative expression of RUNX2 peaked
in the earlier time point which is expected as a transcription factor. The increased transcriptional
permissiveness of the chromatin stimulated by hyperacetylation likely upregulated the expression of
this key osteogenic transcription factor upon the introduction of osteoinductive medium. From the
ICW results, Runx2 protein expression was significantly enhanced in the MI192 pre-treated cells
throughout 28 days culture, consistent with the mRNA expression in this study. Additionally, this
correlated with findings acquired from TSA pre-treated hPDLCs in the literature (291). The
hyperacetylation induced by HDACis not only affect chromatin conformation but also affects non-
histone proteins such as transcription factors. Jeon et al. (2006) reported that increased acetylation
of Runx2 enhanced its transcriptional activity and stability via protection from Smurf-1 mediated
degradation (292). In addition, MI192 possesses selective inhibition against HDAC3, the co-repressor
of Runx2 (along with the ZFP521) (144); therefore, M1192 may not only enhance RUNX2 mRNA levels
but also increased its transcriptional activity and stability. Moreover, studies have demonstrated
HDACi treatment reduces HDAC expression (283, 291), therefore, reduction in HDAC3 expression in
this study may further increase the transcriptional activity of Runx2, although this would require
further investigation. The enhanced upregulation of Runx2 gene and protein expression is significant
as this transcription factor plays an important role in early and late osteogenesis for enhancing gene

expression and osteoblast maturation, respectively (385).

BMP2 is a key osteogenic growth factor known to play a substantial role in stimulating osteogenesis
(382, 386, 387). The results from this study showed that MI192 pre-treatment significantly
upregulated BMP2 mRNA levels compared to that in the untreated cells throughout the osteogenic
culture period assessed. Additionally, M1192 accelerated the peak expression of BMP2 compared to
the untreated hBMSCs. It was previously reported that MI192 pre-treatment significant upregulated
BMP2 expression within ADSCs after 3 days osteogenic culture alone (214), differing from the
expression profile acquired in this study. This may be due to differences in MSCs assessed, with
BMSCs shown to possess increased osteogenic capacity compared to ADSCs in the literature (318,
319). Following ICW analysis, BMP2 protein expression was significantly increased in the MI192 pre-
treated cells compared to the untreated group throughout 28 days osteogenic culture, correlating
with the upregulation observed in the MI192 pre-treated cells at the gene level. The prolonged
increase in BMP2 protein expression in the MI192 pre-treated group likely plays a significant role in
stimulating the expression of Runx2, as BMP2 binds to cell surface receptors and trigger the SMAD

pathways resulting in regulating RUNX2 gene expression (292, 296).
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The mRNA levels of the early osteogenic marker, ALP, was significantly upregulated in the MI1192
pre-treated cells compared to that in the untreated controls throughout 21 days of osteogenic
culture. This enhancement in ALP mRNA levels was consistent with studies utilising panHDACis to
enhance MSCs osteogenesis (19, 286), in addition to research performed previously with MI192 pre-
treated ADSCs (214). The prolonged upregulation in Runx2 and BMP2 gene and protein expression
observed in the MI192 pre-treated hBMSCs is expected to promote hBMSCs osteogenic capacity,
resulting in the enhancement of their downstream targets such as ALP, Colla and OCN in this study
(388, 389). Although studies have also demonstrated the capacity of panHDACis to stimulate ALP
expression (286), it is probable the upregulation in ALP expression observed was heavily dependent
on modifications to the chromatin structure, compared to MI192 additional mechanism of
enhancing Runx2 transcriptional activity via selective HDAC3 inhibition. The effects on enhancing
Runx2 transcriptional activity likely resulted in the increased ALPSA induced by MI192 compared to
TSA in ADSCs (214). The protein expression of ALP was significantly upregulated in the MI1192 pre-
treated group after 14 days of culture compared to the untreated cells. This correlated with both the

enhancement in ALP mRNA levels and ALPSA observed in this study.

Following the assessment of early osteogenic markers, the expression of late osteoblast-related
genes such as Colla and OCN was subsequently analysed. Colla is an important component of the
bone extracellular matrix and plays a significant role in providing the mechanical properties of bone
tissue (113). The results of this study showed that MI192 pre-treatment significantly enhanced
COL1IA mRNA levels on day 7 and 14 when compared to that in the untreated cells. This
demonstrates the upregulation in early osteogenic markers within the MI192 pre-treated cells,
stimulated the downstream expression of this mid-late stage osteogenic marker (390), which is a key
attribute for bone tissue engineering strategies. COL1A upregulation induced by MI192 pre-
treatment was similar to findings observed in the literature. Huynh et al. (2016) demonstrated an
increase in COL1A expression in TSA treated hPDLCs (291), while Nab and VPA similarly enhanced
COL1A expression in ADSCs (286). MI192 pre-treated ADSCs exhibited an increase in COL1IA mRNA
expression compared to osteogenic controls, however only on day 7 (214), which did not reflect the
results in this study. A similar enhancement was observed in Colla protein expression in the MI1192
pre-treated hBMSCs confirmed via ICW analysis. Peaks in protein expression were observed on day
21, consistent with the expected expression of this mid-late stage osteogenic marker and correlated

with the mRNA expression results acquired in this study.

The mRNA levels of OCN, a marker associated with osteogenic maturation (113), was significantly

upregulated in the MI1192 pre-treated cells on day 7 and 14 when compared to that in the untreated
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cells. Xu et al. (2009) reported similar findings in VPA and NaB treated murine ADSCs (286).
However, it was previously reported that MI192 pre-treatment significantly reduced OCN gene
expression in ADSCs (214), which did not reflect the findings in this study. This is probably due to
differences in MSCs type utilised, as BMSCs have been reported to exhibit an enhanced osteogenic
potential compared to ADSCs (391, 392). Paino et al. (2014) knocked out HDAC2 in hDPSCs, resulting
in the downregulation of OCN gene expression (209). As MI192 is selective for both HDAC2 and 3, it
was found that MI192 pre-treatment stimulated OCN gene expression in this study, likely due to
MI192 activity in uncoupling the Runx2-HDAC3 complex. The role of HDAC3 in controlling OCN
transcription has been demonstrated in the literature, where NFAT type ¢ medicates HDAC3 binding
to the proximal region of the OCN promoter, resulting in hypoacetylation of histone H3 and H4,
thereby suppressing osteoblast maturation (142). Moreover, utilising a transient transfection assay,
Schroeder et al. (2004) reported that HDAC3 suppressed Runx2 mediated activation of the OCN
promoter region, which reiterates the importance of Runx2-HDAC3 complex (140). OCN protein
expression was significantly increased in MI192 pre-treated cells compared to the untreated group,
correlating with the mRNA expression data. This upregulation in OCN protein levels was expected as
higher levels of transcriptionally active Runx2 in the MI192 pre-treated cells, would result in
enhanced binding to the OCN promoter regions (393). The increased expression of these late
osteogenic markers in the M1192 pre-treated cells is of particular importance, as it implies that the
MI192 pre-treatment condition was sufficient to promote the osteogenic phenotype of hBMSCs
throughout osteogenic culture. The sustained enhancement in osteogenesis observed after the
removal of the HDACi treatment medium is likely attributed due to the slow binding kinetics of
MI192 (100). Moreover, the prolonged enhancement of osteogenic proteins in this study may also
indicate the effects of MI192 in down-regulating the expression of HDAC enzymes, particularly
HDAC3, as demonstrated in the literature (291). Together, the upregulated expression of key
osteoblast-related genes and proteins induced by MI192 pre-treatment indicates the capability of

this selective HDACi in promoting the osteogenic phenotype of hBMSCs.

From assessing the expression of osteoblast-related proteins, it was demonstrated that MI1192
enhanced the osteogenic phenotype of hBMSCs; however, mineralisation of the newly formed
extracellular matrix is a key attribute for the development of functionally relevant bone tissue.
Therefore, the effects of MI192 pre-treatment on calcium deposition and mineralisation were
evaluated via Alizarin red and Von Kossa staining, respectively. It was demonstrated that MI192 pre-
treatment significantly increased calcium deposition within hBMSCs after 28 days of osteoinductive
culture compared to the untreated cells. Additionally, more extensive mineralisation was observed

in the MI192 pre-treated hBMSCs, where an increased number and size of functional mineral
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nodules were detected. Within the MI192 pre-treated group a greater degree of Van Gieson’s
staining for collagen deposition was situated in the regions of mineral nodule formation, indicating
the role the enhanced extracellular collagen deposition in stimulating mineralisation (301-303). The
increased deposition of collagens in the MI192 pre-treated group, correlated with the enhanced
Colla protein expression observed following ICW analysis. In the literature, HDACi treatment of
MSCs has similarly resulted in enhancing mineralisation. De Boer et al. (2006) reported that TSA
treatment increased hBMSCs mineralisation (74), while Cho et al. (2005) reported similar findings
with VPA treated hBMSCs (212). Moreover, results in this study replicated those performed
previously on MI192 pre-treated ADSCs (214). The importance of HDAC3 in osteogenic
differentiation was demonstrated by Schroeder et al. (2004), where HDAC3 was inhibited with siRNA
resulting in accelerated mineralisation within MC3T3 preosteoblasts (140). The enhanced
mineralisation observed in the MI192 pre-treated hBMSCs, correlated with the upregulated
expression of extracellular matrix proteins (ALP, Colla and OCN) observed in this study, as these
proteins are important for stimulating mineralisation (301-303). Together, the enhanced calcium
deposition and mineralisation observed in the MI192 pre-treated hBMSCs are key attributes for
bone formation, providing greater evidence for the potential use of this epigenetic approach to

enhance the efficacy of hBMSCs for bone tissue engineering.

4.4.3 - The effects of MI1192 on hBMSCs osteogenic differentiation within the GelMA hydrogel

In the literature, the capacity of HDACis to stimulate MSCs osteogenic capacity in 2D culture has
been demonstrated extensively (290, 291), however, limited research has investigated the
potential of HDACis to stimulate bone formation in the 3D culture environment. It is well known

IM

that 2D culture infers an “artificial” condition which does not replicate the complex 3D
microenvironment that occurs in vivo (177, 178). Therefore, it is essential to evaluate the effects
of MI192 on hBMSCs osteogenic capacity in 3D culture. Numerous studies have demonstrated
that high cell density culture systems such as microtissues could be advantageous for bone
augmentation strategies, as demonstrated in the previous chapter in this thesis and in the
literature (254, 300). Although these approaches possess high potential for bone tissue
engineering, the use of microtissues are associated with limitations such as requiring a large

number of cells, fabrication is time-consuming/labour intensive and lacking mechanical

strength/spatial orientation (253).

Hydrogels have been extensively utilised by researchers’ due to their biocompatibility, porosity,
water content and the ability to replicate the host tissue environment (327). Due to these

favourable attributes, these biomaterials have been investigated for many tissue engineering
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applications; however, the lack of mechanical strength has hindered their use for bone tissue
engineering (327). Several studies have used gelatin as this material possess a number of
desirable properties associated with hydrogels (394, 395). Gelatin is a denatured and partly
hydrolysed native collagen, typically type 1, however, due to the denaturing process there is
limited antigenicity (396). This material retains several biological sequences such as the natural
cell binding motifs, RGD, required for cellular attachment via integrin-mediated adhesion and
allows for cell-mediated degradation (362, 363, 397). Moreover, gelatin has been approved by
the FDA for food processing and is routinely used as a stabiliser in vaccines and as plasma
expanders (398). Modification of gelatin with methacrylic anhydride allows for the crosslinking
of this hydrogel and this biomaterial has been investigated for numerous tissue engineering
applications (399, 400). This study evaluated utilising GelMA as an alternative delivery system to
incorporate cells into the 3D printed PEBT/PBT scaffold, therefore recreating the BMT model at
a lower cell density compared to the use of microtissues. Following which it was investigated
whether GelMA is capable of supporting MI192 pre-treated hBMSCs osteogenic differentiation
within the GelMA hydrogel alone and the GelMA-PEBT/PBT composite construct in this study.

In this study, it was investigated whether GelMA microspheres of regular size and shape could
be fabricated to replicate the use of microtissues within the BMT construct. Conventionally
hydrogel microspheres have been fabricated using techniques such as droplet extrusion and
electro-spray methods (401, 402), however, these techniques produce spheres of suboptimal
quality where polydispersity is observed. Polydispersity has implications for cell encapsulation
studies as size uniformity supports the controlled diffusion mechanism, vital for supporting
cellular maintenance (403). Microfluidic technologies have been increasingly utilised due to
advances in knowledge of microscale fluid flow and the enhancements in microfabrication
processes (374). Droplet microfluidic techniques have been used for a variety of applications
such as for cell and drug delivery, high throughput screening, diagnostic methods and as
microreactors (404-406). This microfluidic fabrication process has shown to produce spheres of
monodispersity (244). UV light has been extensively utilised due to the effective and convenient
application of this crosslinking method (373, 407), however, UV irradiation has shown to have
detrimental effects on cell viability and genomic instability (367). Thus, this study investigated
the formation of GelMA microspheres of appropriate size/shape created using microfluidics in

combination with a visible light photo-crosslinking system.

The findings of this study showed that the GelMA microspheres that were created exhibited a

smooth surface morphology and were of similar size with each wt% GelMA (5, 10 and 15 wt%).
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This was expected as the emulsion of aqueous droplets in an oil phase relies on surface tension
to pull droplets into a spherical shape, consistent with studies in the literature (374, 408). The
polymerisation mechanism did not disrupt droplet shape like some extrusion methods such as
simple dripping extrusion (409), and the microspheres were completely polymerised within the
coil of tubing. Microspheres of regular spherical morphology are important as the formation of
irregular microspheres has been shown to create thicker fibrotic tissue, hindering proper
nutrient/waste diffusion (410, 411). In this study, it was additionally demonstrated that all
GelMA wt% assessed created microspheres of approximately 1000 uM in diameter, the size
required for press-fit into the scaffold pore. The uniformity in the size of microspheres created
from different wt% GelMA demonstrates the feasibility of using microfluidic approaches to

create appropriately sized tissue modules for assembly into the 3D printed PEBT/PBT scaffold.

Using a photocrosslinkable hydrogel is advantageous as it allows for the encapsulation of cells
while the macromer is in the liquid form, resulting in accurate cell seeding efficiency and
homogenous cell distribution within the hydrogel (368, 412). L929 cells were used in
combination with 5 and 10 wt% GelMA and the microfluidics system to optimise the formation
of cell-laden microspheres of appropriate size and shape. The 10 wt% GelMA created larger
microspheres compared with 5 wt% group, likely due to the effects of porosity on the
mechanical properties of the material, where higher porosity results in a lower Young’s modulus
(413). Celikkin et al. (2018) demonstrated that increasing macromer concentration resulted in
scaffolds exhibiting enhanced mechanical properties with lower porosity and smaller pores
(414). Therefore, the 5 wt% hydrogel formed smaller microspheres due to the reduced stiffness
compared to the 10 wt% group, likely due to the increased resistance to the shearing force in
the higher wt% GelMA during microsphere formation. Although the stiffness of these hydrogels
were not assessed, studies have shown that increasing macromer wt% results in a higher
Young’s modulus (368, 414). The incorporation of cells reduced the diameter when compared to
acellular microspheres. This might be due to the incorporated cells occupying the pores within
the hydrogel and forming cellular attachments between the internal scaffold structures.
Additionally, the presence of cells reduces the occupation of pores by the medium resulting in a
more compact sphere. After 24 hours incubation, both groups swelled although not significantly,

still possessing the appropriate size/shape required to incorporate into the 3D printed scaffold.

Live/dead fluorescent labelling was utilised to assess the distribution and viability of cells within
the 10 wt% GelMA microspheres. These findings showed that the addition of the L929 cells did

not disrupt microsphere formation as they retained the smooth spherical surface, replicating
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the morphology of acellular spheres acquired in this study (Fig 4.16). The microfluidic system did
not affect the viability of the cells 24 hours post-encapsulation due to the relatively low flow
rates used. Numerous studies have employed microfluidic approaches for cell encapsulation and
have demonstrated high cell viability with materials such as alginate and PEG (415-417). Studies
have looked to enhance the mechanical properties of hydrogels by creating composite
materials, resulting in enhanced mechanical reinforcement for load-bearing applications such as
bone and cartilage tissue engineering (418, 419). Having determined cell-laden hydrogels could
be formed into microspheres of regular size and shape, an automated assembly system created
in-house (CReaTE group, University of Otago) was utilised to incorporate these cell-laden GelIMA
microspheres into the 3D PEGT/PBT scaffold (335). The use of this method allows for the high
throughput, scalable and accurate assembly of either microtissues or cell-laden hydrogel
microspheres within the pores of a 3D printed scaffold (253, 335), increasing the potential

clinical application of these approaches.

Compared to 24 hours post-encapsulation, there was an observable number of dead cells within
the cell-laden microspheres after 3 days post-encapsulation. This may be due to the use of the
singularisation device which is known to affect the viability of the cells due to microsphere
physical or mechanical deformation (333). Incorporation of these microspheres by manual
transference could eliminate this potential cause. Several studies using cell-laden hydrogels
have demonstrated a decrease in cell viability correlated with increasing macromer
concentration (368, 420, 421). Though hydrogels possess a porous interconnected structure
which facilitates nutrient/waste diffusion, microspheres of this size (@ >1000 uM) may have
compromised diffusion which would be directly impacted by the cell density and porosity of the
hydrogel (422). Together, these findings validate the use of microfluidics to create cell-laden
GelMA microspheres for the assembly within the 3D printed scaffold, demonstrating the
feasibility of this approach for incorporating cells at a lower cell density within an external

scaffold framework.

Having determined cell-laden GelMA microspheres of regular size and shape could be fabricated
as an alternative to microtissues, it is important to evaluate whether the GelMA hydrogel would
provide a suitable environment to support MI192 pre-treated hBMSCs osteogenic
differentiation. The 5 wt% GelMA was chosen for this study as the higher wt% concentrations
have been routinely used for chondrogenic studies, where higher macromer concentrations
supported the limited cell-cell contact and the spherical cell morphology replicating native

chondrocytes (335). Additionally, higher macromer concentrations have shown to decrease cell
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viability in the literature (420, 421) and in this study with L929 cell-laden microspheres. The use
of lower macromer concentrations will promote cell migration, growth and cellular contact,
which are essential for promoting osteogenesis (414). Moreover, similar GelMA concentrations
and seeding density (5 x 10° cell/ml) have been successfully employed in the literature for bone

tissue engineering applications (423).

The effects of MI1192 pre-treatment on hBMSCs behaviour and osteogenic differentiation within
the GelMA hydrogel were investigated in this study. Initially, live/dead fluorescent labelling was
utilised to assess the effects of MI192 pre-treatment on hBMSCs behaviour within the GelMA
hydrogel. After 24 hours post-encapsulation, CLSM images showed that cells in both groups
were uniformly distributed throughout the hydrogel possessing a spherical morphology,
indicating thorough crosslinking of the hydrogel. At this time point, cells remained highly viable
in both groups, indicating the cross-linking procedure did not adversely affect cell viability.
These observations replicated the live/dead visualisation of L929 cell-laden microspheres in this
study (Fig 4.18) and in the literature with ADSCs encapsulated within GelMA (369). Following 6
weeks in osteogenic culture, cells in both groups changed from the spherical morphology
observed 24 hours post-encapsulation, to a fibroblast-like spread morphology; indicating cells
were able to attach, spread and migrate within the hydrogel during culture. This was likely aided
by the use of the 5 wt% macromer concentration, which has shown to promote cell migration,
growth and cellular contact, essential for promoting osteogenesis (414). This morphological
observation replicated live/dead images of MG63 cells encapsulated within GelMA-
Hydroxyapatite scaffolds (370). Additionally, the spread/elongated morphology observed
resembles the morphology of mature osteogenic cells (209, 264). The MI192 pre-treated cells
exhibited a more spread/elongated morphology compared to the untreated cells, replicating
numerous studies investigating the effects of HDACis on MSCs (113, 209). This indicates the
effects of MI192 in promoting the osteogenic maturation of hBMSCs within the GelMA
environment. As with the previous time point, both groups remained highly viable

demonstrating this scaffold supports hBMSCs viability over long-term culture.

To date, currently no studies have assessed the effects of HDACis to stimulate MSCs osteogenic
differentiation within hydrogel systems. Therefore, to initially assess the effects of M1192 pre-
treatment on hBMSCs osteogenic capacity within the GelMA hydrogel, ALPSA levels were
qguantified after 2 weeks in osteogenic culture. ALP is an early marker of osteogenesis and is
involved in extracellular matrix mineralisation (424). The results of this study showed that the

MI192 pre-treated hBMSCs exhibited a significantly enhanced ALPSA (~1.3-fold) when compared
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to the untreated group. This indicates that the GelMA microenvironment was capable of
supporting hBMSCs osteogenesis, similar to the findings reported by Arakawa et al. (2014) and
Celikkin et al. (2018), with BMSCs encapsulated within a photopolymerisable chitosan-collagen
and GelMA hydrogel, respectively (414, 425). This enhancement in ALPSA observed within the
MI192 pre-treated hBMSCs in GelMA, correlated with a similar increase observed in the
monolayer study in this chapter (ALP gene/protein expression and ALPSA (~1.4-fold)) (Fig 4.11-
13).

Histological analysis was utilised to evaluate the effects of MI192 pre-treatment on hBMSCs
tissue formation within the GelMA hydrogel after 6 weeks osteogenic culture. The findings of
this study showed that cells were thoroughly distributed throughout the construct with slightly
increased cell numbers at the periphery of the hydrogel. Cell morphology was spherical in shape
which did not correlate with the spread morphology observed in the CLSM images, likely
attributed to differences in histological and CLSM analysis of the hydrogel. Picrosirius red/Alcian
blue staining was utilised to identify the formation of collagens and GAGs, respectively. The
results showed both groups displayed strong Picrosirius red staining for collagens throughout
the hydrogel, with little evidence of GAGs. The MI192 pre-treated group exhibited substantially
enhanced global Picrosirius red staining, indicating MI1192 enhanced hBMSCs collagen deposition
in the constructs when compared to the untreated cells. This correlated with the Colla gene and
protein expression induced by MI192 within the monolayer study in this chapter (Fig 4.12 and
4.13). The lack of GAG accumulation in both groups indicates this macromer concentration
sufficiently supported the differentiation down the osteogenic lineage and not the chondrogenic
lineage, where higher wt% GelMA has been used in the literature (426). As with the H&E
staining, a greater quantity of cells was observed at the periphery of the constructs. This may be
due to the slight shrinkage observed in these constructs during culture/histological processing,
resulting in increased density of cells at the periphery. Additionally, the increased exposure to
medium at these locations may accelerate the proliferation of these cells compared to those at

the core of the construct.

The deposition of hBMSCs osteoblast-related extracellular matrix proteins induced by MI192
pre-treatment within the GelMA hydrogel was investigated via immunohistochemical analysis.
After 6 weeks osteogenic culture, ALP was positively expressed in both groups situated within
the cellular regions of the construct. The strongest expression was located towards the outer
regions of the hydrogel, likely due to the increased number of cells at these sites. These cells

may possess the most advanced osteogenic phenotype due to increased exposure to osteogenic
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medium and enhanced cell-cell/cell-matrix interactions compared to cells within the core of the
hydrogel. The ALP expression intensities between the groups did not correlate with the
previously acquired ALPSA results of these cell-laden hydrogels (Fig 4.20), probably attributed to
the differences in the time points assessed. Positive expression of Colla was observed in both
groups throughout the hydrogel. The MI192 pre-treated group displayed substantially increased
global Colla protein expression compared to the untreated group, with enhanced expression
intensity located towards the periphery. This enhancement in Colla protein expression induced
by MI192, correlated with the increased global Picrosirius red staining observed in the HDACi
treated construct (Fig 4.22). Additionally, this correlated with the increased collagen deposition
observed within VPA-pre-treated hDPSCs on a collagen scaffold (Gingistat) (209). The protein
deposition of OCN was present in both groups; however, expression was substantially enhanced

in the MI192 pre-treated group.

The substantial increase observed in the MI192 pre-treated group for these late osteogenic
markers (Colla and OCN) indicates that HDACi pre-treatment is capable of accelerating
differentiation of hBMSCs into a mature osteogenic phenotype within this 3D culture
environment. Much stronger global expression was observed within the MI192 pre-treated
group throughout the hydrogel, not only isolated to cellular regions as observed in the
untreated group. This indicates the MI192 pre-treated hBMSCs were able to secrete these
extracellular matrix proteins into the surrounding hydrogel environment to a greater degree
compared to the untreated cells. The enhanced expression for these key bone extracellular
matrix proteins induced by MI192, correlated with a similar increase observed in the monolayer
study in this chapter (Fig 4.12 and 4.13), demonstrating this HDACi is capable of enhancing
hBMSCs osteogenic protein expression in both 2D and 3D cell culture environments. This
increased expression of extracellular matrix proteins likely enhances the mineralisation
potential of the MI192 pre-treated cells in this scaffold system (301, 303). Previously it was
demonstrated that MI192 pre-treated ADSCs on AM silk scaffolds exhibited increased Colla
protein expression similar to this study, however, expression of OCN was reduced, which did not
replicate the findings of this study (214). The differential osteogenic protein expression induced

by M1192 was likely due to the differences in the MSCs and 3D scaffolds systems utilised.

The effects of MI192 pre-treatment on hBMSCs calcium deposition and mineralisation within
the GelMA hydrogel were assessed via Alizarin red and Von Kossa staining, respectively. After 6
weeks osteogenic culture, the MI192 pre-treated group displayed substantially enhanced

calcium deposition compared to the untreated group. The deposition of calcium was primarily
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located within the cells in the untreated group, while in the MI1192 pre-treated group, calcium
deposition was also situated in the extracellular space between the cells. The differential
calcium deposition observed between the groups was replicated by Von Kossa staining, where
the MI192 pre-treated group exhibited an enhanced formation of functional mineral nodules,
consistent with the monolayer findings (Fig 4.14 and 4.15). The increase in calcium deposition
and mineralisation observed in the MI192 pre-treated group, replicated the enhanced
expression of osteogenic proteins observed from immunohistochemical analysis (Fig 4.24 and
Fig 4.25), indicating the role of these extracellular matrix proteins in stimulating hBMSCs
mineralisation within GelMA (301, 303). Additionally, the increased mineralisation observed in
the MI192 pre-treated group replicated the effects of M1192 on ADSCs cultured within AM silk
constructs (214). Moreover, the results of this study correlated with studies performed in the
literature, with VPA pre-treated hDPSCs on Gingistat scaffold and TSA pre-treated hDPLCs in
PCL/PEG scaffold (209, 320). Together, these results clearly demonstrate that MI192 pre-
treatment accelerates the differentiation of hBMSCs into a more advanced osteogenic

phenotype within the GelMA hydrogel, resulting in enhanced bone-like tissue formation.

Numerous studies have demonstrated hydrogels are capable of supporting the osteogenic
differentiation of MSCs (369, 370), however, their clinical potential is limited due to the
inherent lack of mechanical strength for load-bearing tissues. As GelMA has been demonstrated
to support the osteogenesis of MI192 pre-treated hBMSCs in this study, a composite construct
combining cell-laden GelMA and the 3D printed scaffold was created. Although the fabrication
of cell-laden GelMA microspheres of appropriate size and shape was demonstrated in this
chapter (during a collaborative research visit at the University of Otago), due to the lack of
appropriate microfluidic and microsphere equipment in Leeds, the 3D printed scaffold was cast
within the cell-laden hydrogel during cross-linking, providing an alternative method in creating a
GelMA-PEBT/PBT composite construct. Employing this method, the effects of MI192 pre-
treatment on hBMSCs osteogenic differentiation within the GelMA-PEBT/PBT construct was

subsequently assessed.

From the initial histological analysis, the cell-laden hydrogel occupied the entire void volume of
the 3D printed scaffold, similar to the observations acquired from BMT created using
microtissues in the literature (253). This may be advantageous compared to the fusion
demonstrated in chondrocyte-laden GelMA microspheres within a 3D printed scaffold (335), as
it may provide enhanced mechanical integrity to the construct which is important for load-

bearing tissues. Additionally, this approach guarantees GelMA fusion within the scaffolds, where
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incorporated cell-laden microspheres may disassociate from the scaffold prior to the fusion.
Moreover, the complete occupation of the 3D printed scaffold void volume with the cell-laden
hydrogel would enhance the cellular contact between the construct and the host bone tissue.
This increased construct/defect site interaction will likely promote tissue integration. Cells
exhibited a spherical morphology and were distributed uniformly throughout the construct in
both groups, with a slight increase in the number of cells at the periphery, observations
consistent with the GelMA alone study (Fig 4.21). Additionally, the MI192 pre-treated constructs
exhibiting increased Eosin stain, which stains proteins non-specifically (343), therefore

indicating increased extracellular matrix deposition in the MI192 pre-treated group.

Extracellular collagens were positively expressed in both groups, with the MI192 pre-treated
constructs exhibiting increased global staining intensity, correlating with the increased
accumulation of Eosin observed from the H&E staining, in addition to the findings from the
GelMA alone study (Fig 4.22). The strongest Picrosirius red staining was observed at the
periphery of the constructs and at the hydrogel/scaffold interface, likely due to the increased
exposure to osteogenic medium in these locations. Due to increased fluid flow stresses and
scaffold stiffness at the periphery and the hydrogel/scaffold interface respectively, these factors
likely promoted MSC osteogenesis at these locations. An increased quantity of cells were
located at the periphery of the construct caused by construct shrinkage, consistent with the
H&E analysis, likely contributing to the enhanced collagen expression in these areas. This slight
shrinkage in the construct during culture/histological processing replicated similar observations
from the GelMA alone study. Picrosirius red staining in the GelMA alone study was much more
uniformly expressed compared to GelMA-PEBT/PBT construct, indicating cells within the GeIMA
alone study possessed a more advanced osteogenic phenotype resulting in increased collagen
expression throughout the hydrogel. This may be due to enhanced access to osteogenic medium
in the GelMA alone construct. Little evidence of GAG accumulation was observed in both
groups, similar to the findings in the GelMA alone study. This suggests the incorporated 3D
printed scaffold did not restrict the diffusion of nutrients/waste within the GelMA-PEBT/PBT

construct, resulting in successful lineage-specific differentiation of encapsulated hBMSCs.

The expression of osteoblast-related extracellular matrix proteins within the GelMA-PEBT/PBT
construct was assessed via immunohistochemical staining. Both groups expressed positive
staining for the osteogenic markers assessed (ALP, Colla and OCN); however, the deposition
was substantially enhanced within the MI192 pre-treated group, consistent with the protein

expression observed within GelMA alone study (Fig 4.24 and 4.25). The MI192 pre-treated group
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exhibited an increased number of ALP-positive cells when compared to the untreated construct,
while no difference was observed between the groups in the GelMA alone study (Fig 4.23). This
may indicate cells within the GelMA-PEBT/PBT construct possessed a less mature osteogenic
phenotype; therefore, the increase in ALP expression, an early osteogenic marker, induce by
MI1192 was much more prominent in this study, while no difference was observed for this early
marker in the GelMA alone constructs at this time point. Within the MI192 pre-treated
construct, an increased Colla expression was located throughout the GelMA-PEBT/PBT
construct in both groups, particularly at the hydrogel/scaffold interface, correlating with the
Picrosirius red staining in this study and GelMA alone results (Fig 4.24). A greater number of
OCN-positive cells were observed in the MI192 pre-treated group, which differed from more
uniform OCN expression observed throughout the GelMA alone study (Fig 4.25). This suggests
that the cells within the GelMA alone study exhibited a more advanced osteogenic phenotype
when compared to the GelMA-PEBT/PBT construct, consistent with similar observations from

the Picrosirius red staining and ALP immunostaining between these studies.

The difference in the extent of osteogenic protein expression between these studies may be
attributed to the cells increased access to osteogenic growth factors within the GelMA alone
constructs. Moreover, the GelMA hydrogel exhibited increased construct shrinkage during
osteogenic culture/histological processing when compared to the GeIMA-PEBT/PBT construct,
where the incorporation of the 3D printed scaffold in the latter restricted this effect. Studies
have reported the incorporation of additional biomaterials to create composite constructs results in
reducing scaffold shrinkage (427, 428). The reduction in construct size would enhance growth
factors exposure to cells and increase cellular interactions in the GelMA alone scaffold, possibly
contributing to the differences in the osteogenic protein expression observed in these studies.
Pre-culturing cell-laden microspheres prior to combination with the 3D printed scaffold, similar
to the pre-culture of microtissues for the BMT, could possibly further enhance hBMSCs
expression of these osteogenic proteins, although this would require further investigation.
Nonetheless, it is clear that MI192 pre-treatment is capable of stimulating hBMSCs extracellular

matrix depositions within the GelMA hydrogel with/without the 3D printed PEBT/PBT scaffold.

In addition to assessing extracellular matrix protein expression within the GelMA-PEBT/PBT
construct, the effects of MI1192 pre-treatment on hBMSCs calcium deposition and mineralisation
was evaluated by Alizarin red and Von Kossa staining, respectively. Both groups expressed
strong calcium deposition throughout the construct, with the greatest accumulation situated at

the periphery, correlating with the previous staining results in the GelMA-PEBT/PBT study
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(histological analysis/immunostaining). Due to the increased access to osteogenic medium and
enhanced cell density within these locations, it is likely cells secreted osteoblast-related
proteins and deposited calcium at an accelerated rate compared to cells within the core of the
GelMA-PEBT/PBT construct. However, following Von Kossa staining for mineralisation, it was
observed that the MI192 pre-treated group exhibited an increased quantity of functional
mineral nodules, correlating with similar observations from the protein expression analysis of
the GelMA-PEBT/PBT construct. Additionally, a similar increase in functional mineral nodule
formation was observed within the MI192 pre-treated group in the GelMA alone study (Fig
4.28). This enhanced mineralisation induced by HDACi treatment replicated similar findings
acquired previously with MI192 pre-treated ADSCs on AM silk scaffolds (214) and in the
literature with TSA pre-treated hDPLCs in PCL/PEG scaffold and VPA pre-treated hDPSCs in a
collagen scaffold (209, 320). These findings indicate that MI192 pre-treatment is capable of
promoting the differentiation of hBMSCs into a more advanced osteogenic phenotype, resulting
in the enhanced expression of key osteoblast-related proteins and increased mineral deposition

within the GeIMA-PEBT/PBT composite construct.

Together, the work undertaken in this study demonstrated the fabrication of cell-laden GelMA
microspheres of appropriate size/shape as an alternative cell delivery vehicle compared to the
use of microtissues for assembly within the 3D printed scaffold. MI192 pre-treatment of hBMSCs
was shown to enhance ALPSA, osteogenic protein expression and calcium deposition/
mineralisation in the GelMA hydrogel, indicating this scaffold system is capable of supporting
the osteogenic capacity of M1192 pre-treated hBMSCs, correlating with the effects observed in
monolayer. Moreover, MI192 pre-treatment stimulated the osteogenic differentiation of
hBMSCs encapsulated with the GelMA hydrogel reinforced with the 3D printed PEBT/PBT
scaffold, increasing the potential clinical application of this hydrogel system for bone tissue
engineering. These findings demonstrate the potential of combining MI192 pre-treated hBMSCs
within a 3D printed scaffold at a much-reduced cell density compared to the use of microtissues,
therefore, providing clinicians with greater options in applying this epigenetic-based approach

for bone augmentation strategies.
4.4.4 - The effects of MI192 on hBMSCs osteogenic differentiation within the BMT construct

There are several limitations with investigating the effects of HDACi compounds for bone tissue
engineering in 2D culture as this does not replicate the complex microenvironment found within
the body (429). Therefore, several 3D in vitro models have been developed to mimic the in vivo

environment for tissue engineering applications. Microtissues has been utilised for many years
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particularly for cartilage tissue engineering and are associated with enhanced cell-cell and cell-
matrix interactions replicating in vivo-like conditions (253). Moreover, it has been demonstrated
that the high-density environment within the microtissue is advantageous for bone formation
(245, 254). However, the use of these tissue modules for the repair of load-bearing tissues is
associated with limitations such as their low mechanical properties, lack of spatial orientation
and reduced size to repair bone defects (322), therefore, combining these microtissues within a
scaffold system will potentially alleviate these issues (253). In the literature, the combination of
microtissues with a scaffold system has been investigated for bone augmentation strategies.
Pellets created from hUCSCs were combined with an ICBM scaffold and successful osteogenesis
was observed; however, as the scaffold possessed random porosity, microtissues were
incorporated within the construct irregularly (300). The controlled spatial-temporal placement
of cellular components within a scaffold is key in engineering functional bone tissue. The CReaTE
group at the University of Otago developed a high-density culture system (BMT model) which
incorporated microtissues within the pores of the 3D printed scaffold with regular pore size and
shape (253), alleviating issues such as lack of mechanical strength and spatial-temporal control
associated with the use of microtissues for bone tissue engineering. Therefore, the aim of this
study is to investigate the effects of MI1192 pre-treatment on hBMSCs osteogenic differentiation

within the BMT model for bone tissue engineering applications.

It has been demonstrated in the literature that microtissue culture accelerates MSCs osteogenesis
due to increased cell-cell/cell-matrix interactions that occur due to the high-density culture
environment (245, 254). These enhanced interactions likely alter the gene expression profiles within
the cells compared to 2D culture. Having reported that MI192 pre-treatment upregulated the mRNA
levels of osteoblast-related genes in the monolayer study in this chapter (Fig 4.12), the effects of
MI192 pre-treatment on hBMSCs osteoblast-related gene expression within the microtissue was
investigated. The mRNA levels of RUNX2 was increased in the MI192 pre-treated cells on day 7,
however, was reduced on day 21 compared to that in the untreated group, with no significance
observed between the groups throughout. Expression profiles for RUNX2 acquired in both
monolayer and BMT studies were similar, however, a significant upregulation in expression was
observed in the MI192 pre-treated cells in the monolayer study (Fig 4.12), likely due to the
differences in the culture systems utilised. It has been demonstrated that osteogenic culture
reduces the expression of HDAC enzymes, with HDACi treatment further inhibiting the
expression of these proteins (283, 291), indicating enhanced levels of transcriptionally active
Runx2 in the MI192 pre-treated cells. Moreover, as microtissue culture has been demonstrated

to accelerate osteogenic differentiation compared to 2D culture (321), a greater enhancement
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in Runx2 transcriptional activity may occur compared to monolayer culture, due to enhanced
down-regulation in HDAC expression induced by accelerated osteogenesis and HDACi treatment.
Hence, these factors may result in negative feedback repression of RUNX2 gene expression in
the MI1192 pre-treated hBMSCs in this study. The expression of ALP was significantly enhanced
within the MI1192 pre-treated cells on day 14 and 21 compared to that in the untreated group,
correlating with the observations in monolayer study and with the increased ALPSA (Fig 4.38)
and ALP protein deposition (Fig 4.41) in this study. The mRNA expression profiles for ALP
differed between the monolayer and microtissue culture, where a dose-dependent increase and
decrease was observed in these studies, respectively. The differing expression profiles observed
possibly indicates the role of microtissue culture in accelerating MSCs osteogenesis compared to
2D culture. The mRNA levels of BMP2 was significantly elevated in the MI1192 pre-treated cells
on day 7 and 21 when compared to that in the untreated cells, replicating the time-dependent
reduction in expression levels with the other early osteogenic markers assessed in this study.
The close correlation in the expression profiles of these early osteogenic genes is likely due to
their role in concurrently stimulating the expression of their downstream targets (i.e BMP2
stimulates Runx2 expression, which promotes ALP expression) (296, 430). This increase in BMP2
MRNA levels replicated a similar enhancement induced by MI192 pre-treatment in the
monolayer study in this chapter, in addition to the enhanced BMP2 protein deposition observed

within the BMT construct (Fig 4.42).

Following the evaluation of early osteogenic markers, the expression of later bone markers such
as Colla and OCN were subsequently assessed. The mRNA levels of COL1A was substantially
increased within the MI1192 pre-treated cells on day 7 compared to that in the untreated group.
The MI192 pre-treated group also exhibited a significant enhancement in OCN expression on day
7, however, on day 21, expression was significantly reduced in the MI192 pre-treated cells
compared to that in the untreated group. The main activator of OCN expression is the
transcription factor Runx2 (140) and the findings of this study showed a slight increase in Runx2
expression at the early time point (Day 7), although not significant. Therefore, MI192 selective
inhibition for HDAC3 possibly plays an important role in increasing the transcriptional activity of
Runx2, resulting in the enhanced OCN expression observed at the early time point. The
upregulation in COL1A and OCN mRNA levels correlated with similar observations acquired from
the monolayer study (Fig 4.12) and the BMT immunostaining (Fig 4.43 and 4.44) in this study.
From the assessment of late osteogenic markers, the expression peaks observed were on day 7,
further confirming the accelerated expression of osteogenic markers induced within the

microtissue culture environment compared to 2D culture, consistent with the observations in
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the literature (228, 313). Together, these findings demonstrate that MI1192 pre-treatment is
capable of enhancing the expression of key osteoblast-related genes in hBMSCs during
microtissue culture, indicating the plasticity of MI192 induced osteogenesis in different cell

culture environments.

In the literature, it has been reported that HDACis are capable of enhancing MSCs expression of
osteogenic proteins in 3D culture environments (209, 214). To initially evaluate the effects of
MI1192 on hBMSCs osteogenic protein expression within the BMT, ALPSA was quantified after 2
weeks in osteogenic culture. The results of this study showed that ALPSA, an early indicator of
osteogenic differentiation, was significantly enhanced in the MI192 pre-treated hBMSCs BMT
constructs (2.3-fold) compared to the untreated group, consistent with the ALP mRNA
expression results acquired in this study. Additionally, the enhanced ALPSA in the MI192 pre-
treated BMT, correlated with the findings in the monolayer study in this chapter (Fig 4.11). A
greater fold increase in ALPSA induced by MI192 was observed in the BMT (2.3-fold) when
compared to the monolayer study (1.4-fold), indicating the role of this high-density culture
environment in potentiating the osteogenic capacity of these cells, consistent with reports in
the literature (431, 432). In this chapter, it was demonstrated that MI192 pre-treatment
significantly increased hBMSCs ALPSA in both the GelMA hydrogel (Fig 4.20) and the BMT model,
indicating the efficacy of this HDACi in stimulating the osteogenic capacity of hBMSCs in two
different 3D culture environments. Although MI192 pre-treatment stimulated ALPSA of hBMSCs
in both models, a greater fold increase was observed in the BMT model compared to the GelMA
hydrogel (2.3- vs. 1.3-fold, respectively), emphasising the role of high-density culture in
promoting MI192 pre-treated hBMSCs osteogenesis (254), when compared to the lower cell

density environment of GelMA.

The high-density culture environment has been demonstrated to enhance MSCs osteogenesis in
the literature (228, 245). From the increased osteoblast-related gene expression and ALPSA
induced by MI192 in this study, it is expected MI192 pre-treatment would stimulate bone-like
tissue formation within the BMT construct. Consequently, histological analysis was utilised to
evaluate the effects of MI192 pre-treatment on hBMSCs bone-like tissue formation during BMT
in vitro culture. After 6 weeks osteogenic culture, histological analysis showed that both
untreated and MI192 pre-treated microtissues occupied the entire internal volume of the
scaffold pore they were placed within. This resulted in the successful fusion of microtissues in
the x-y-z planes of the construct to effectively fill the entire internal structure of the 3D printed

scaffold, which is important as it enhances the mechanical integrity of the construct. Moreover,
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successfully occupying the void volume of the scaffold increases the chances for successful
integration of the implanted construct with the host tissue, due to increased cellular contact
with the surrounding host bone tissue. These findings replicated studies in the literature where
BMT constructs were created by placing HNC and HAC microtissues into the pores of a 3D
printed PEBT/PBT scaffold (253, 335). From the H&E staining, the untreated group exhibited
areas of dense tissue formation distributed in an aberrant nature, primarily located at the outer
regions of the construct and the individual microtissues; while similar dense tissue formation
was observed in the MI192 pre-treated group distributed more homogeneously throughout the
BMT construct. The differential tissue distribution observed indicates the capability of M1192
pre-treatment to control hBMSCs bone-like tissue formation within the BMT during osteogenic
culture. Moreover, a greater degree of tissue organisation was observed in the MI192 pre-
treated group. The stratified tissue formations observed throughout the MI192 pre-treated
BMT, replicated the types of tissues within the zones of calcification/ossification during late-
stage endochondral ossification (39, 344). Therefore, the enhanced dense tissue formation
observed within the MI192 pre-treated BMT, indicates increased mineralisation within the HDACi

treated group.

Picrosirius red/Alcian blue staining was utilised to investigate the effects of MI192 pre-
treatment on hBMSCs collagen and GAG expression within the BMT construct, respectively.
Positive Picrosirius red staining was located in areas of aberrant tissue formation in the
untreated group, while the M1192 pre-treated group possessed strong expression for collagens
distributed uniformly throughout the construct. A similar enhancement on collagen expression
was observed in the literature with VPA pre-treated hDPSCs in collagen scaffolds (209) and
within the MI192 pre-treated ADSCs in the AM silk scaffolds (214). The differential distribution
of collagens within the BMT constructs, correlated with the areas of dense tissue formation
observed in the H&E staining. Additionally, the MI1192 pre-treated BMT displayed an increased
qguantity of nodule-like formations, which possessed the strongest intensity of collagens. This
may indicate enhanced mineralisation, as extracellular collagen deposition is important for
stimulating mineral nodule formation (301). The untreated constructs exhibited increased Alcian
blue staining for GAG accumulation when compared to the M1192 pre-treated BMT. Within the
untreated group, areas of intense GAG expression were observed in tissues which replicate
calcified cartilage during endochondral ossification (39, 344). Therefore, indicating the delayed
progression from the cartilage to the bone phase of endochondral ossification when compared

to the MI192 pre-treated group.
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The differential deposition of bone/chondrogenic-related extracellular matrix proteins between
these groups are likely attributed to MI1192 pre-treatment priming all cells within the BMT to
differentiation down the osteogenic lineage. While the untreated cells cultured in the BMT
model, a culture system which has been favourable for chondrogenic differentiation (253), may
be exposed to multiple competing differentiation signals (osteogenic and chondrogenic). This
may not only inhibit differentiation down the osteogenic lineage but may direct differentiation
down other mesodermal lineages, such as chondrogenic indicated by the increased GAG
accumulation within the untreated group. The size of the microtissues formed (~@1 mm), may
have compromised osteogenic differentiation of cells within the core of these tissue modules
due to reduced nutrient/waste diffusion, in addition to the chondrogenic favourable
environments provided by high-density culture (253). These observations suggest the capability
of MI192 in controlling all hBMSCs lineage-specific differentiation within the construct. Similar
observations were observed in previous studies, where MI192 enhanced ADSCs osteogenic
lineage-specific differentiation while inhibiting adipogenic differentiation (214). Due to the
differential protein expression observed, M1192 pre-treatment may have directed hBMSCs bone
formation down the intramembranous ossification route, while tissue formation resembled
endochondral ossification the untreated group. Conversely, these results may indicate MI1192
pre-treatment accelerated hBMSCs endochondral bone formation compared to the untreated
group at this time point, therefore surpassing the cartilaginous template phase of this

ossification process (38).

To more accurately identify the deposition of extracellular matrix proteins stimulated by MI1192
within the BMT model, immunohistochemical analysis was undertaken. After 6 weeks in vitro
osteogenic culture, ALP protein expression in the untreated group was located at the edges of
individual microtissues and at the outer regions of the entire construct, probably due to its
increased access to the osteogenic medium. There were large areas within the core of some
microtissues which exhibited negative ALP expression. The MI1192 pre-treated group displayed a
more homogeneous ALP expression throughout the entire construct, with the strongest
intensity situated at the periphery of the construct. This result correlated with a similar
enhancement in ALP expression observed in the monolayer study in this chapter (ALPSA (Fig
4.11) and ICW results (Fig 4.13)), in addition to the ALP mRNA expression and ALPSA acquired in
this study. The differential expression of this osteogenic marker indicates the role of M1192 pre-
treatment in promoting and maintaining the osteogenic phenotype of all cells within the
construct when compared to the untreated group. Moreover, positive ALP expression was

located at the edges of individual microtissues and at the periphery, this may indicate the
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reliance of the untreated hBMSC microtissues on osteogenic medium to induced/maintain
osteogenic lineage-specific differentiation in this 3D model. The differential ALP protein
distribution observed in these constructs, correlated closely with the dense tissue formation
observed in the H&E staining. Moreover, the strongest expression for ALP was observed within
nodule-like formations within the constructs, which were of increased quantity and uniformly
distributed in the MI192 pre-treated group. This likely indicates the enhanced mineralisation
within these regions, as ALP protein deposition is an important precursor to extracellular matrix

mineralisation (302).

Within the untreated BMT construct, areas of weak BMP2 expression were located towards the
edges of the construct and also at the microtissue/scaffold interface. In comparison, BMP2
protein expression was observed throughout the MI192 pre-treated group, at an increased
expression intensity compared to the untreated control. The strongest expression intensity was
situated in areas that are in close proximity to osteogenic medium (periphery of the construct
and microtissue/scaffold interface). The differences in BMP2 protein expression between the
groups is of significance as this indicates M1192 is capable of promoting and maintaining the
osteogenic phenotype of hBMSCs throughout the construct, even cells located within the core
of the construct/microtissues. With positive BMP2 expression within the centre of each
microtissue in the MI192 group, this indicates these HDACi-treated cells are committed to
differentiate down the osteogenic lineage, without immediate access to osteogenic medium.
High-density culture systems are advantageous for bone formation due to increased cellular
interactions (245, 300, 321), therefore this emphasises the significance of the enhanced BMP2
expression which acts in an autocrine/paracrine manner within this high-density model to
further promote the osteogenic phenotype of hBMSCs (433), correlating with increased ALP
immunostaining observed in this study. Therefore, it is likely the increased cellular interactions
inferred by this model, further potentiate the efficacy of BMP2 to stimulate hBMSCs
osteogenesis. The weak BMP2 expression at the outer regions of the untreated group indicates
the dependence of cells on access to osteogenic medium to promote the osteogenic phenotype
at these locations. The negative BMP2 expression located in the core of the untreated construct
indicates these regions possess a much weaker osteogenic phenotype, correlating with the
previous analysis (histological staining and ALP immunostaining). Additionally, the increased
global BMP2 expression induced by MI192 pre-treatment was consistent with the findings
observed for this marker in the monolayer study (mRNA and ICW analysis) (Fig 4.11 and 4.12)

and in this study (mRNA analysis).
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Colla deposition in the untreated group was observed in similar areas of aberrant fibrous tissue
formation observed in the Picrosirius red/Alcian blue staining and also at the outer regions of
the construct. In the MI1192 pre-treated group, Colla protein expression was located throughout
the BMT, towards the periphery and also at the core of the individual microtissues. The increase
in global Colla protein expression observed in the MI192 pre-treated group replicated the
enhancements in the COL1IA mRNA expression and Picrosirius red staining acquired in this study.
Moreover, a similar increase in Colla protein expression was induced by MI192 pre-treatment
of ADSCs cultured within AM silk scaffolds (214), in addition to VPA pre-treated hDPSCs within a
collagen scaffold (209). The strongest protein expression was located at the periphery of both
BMTs, likely attributed to cells at these regions possessing the most mature osteogenic
phenotype induced by increased exposure to the osteoinductive medium, replicating the ALP
and BMP2 immunostaining in this study. The strongest intensity deposition was observed within
nodule-like formations within the constructs. The increased quantity and uniform distribution of
these Colla-positive nodules in the MI192 pre-treated BMT, correlated with the previous
histological analysis (H&E and Picrosirius red staining) and the ALP immunostaining results in
this study. The increased quantity of these ALP/Colla-positive nodules indicates enhanced
mineralisation within the MI192 pre-treated BMT, as extracellular ALP and Colla deposition are

important in stimulating mineral nodule formation (301-303).

Positive OCN deposition was observed throughout the BMT constructs, with the strongest
expression located at the periphery, consistent with the previous immunostaining in this study.
The positive expression of this marker indicates successful osteogenic maturation of hBMSCs
cultured within this model (303), correlating with studies in the literature using high cell density
strategies for bone tissue engineering (228, 254). Substantially increased OCN expression
intensity was observed in the MI192 pre-treated group, indicating MI192 pre-treatment
promoted the differentiation of these hBMSCs, resulting in cells possessing a more mature
osteogenic phenotype. Moreover, the MI192 pre-treated group exhibited an increased quantity
of OCN-positive nodule-like formations, indicating enhanced mineralisation within the HDACiI
treated group (303), consistent with the previous immunostaining observations. The extensive
enhancement in OCN deposition in the MI192 pre-treated group mirrors the mRNA expression
results in this study, in addition to the results acquired in the monolayer study in this chapter
(mRNA and ICW analysis (Fig 4.11 and 4.12)). VPA was shown to reduce the OCN expression in
hDPSCs with a collagen scaffold (209), likely attributed to the differential isoform selectivity
between VPA and MI192. Moreover, MI192 pre-treated ADSCs within the AM silk scaffold

exhibited reduced expression of OCN compared to the untreated control (214), which did not
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correlate with the findings of the present study. The difference in OCN expression is likely
attributed to the differential osteogenic potential between these two MSCs (318, 319), in
addition to the advantageous properties high-density culture provides in stimulating osteogenic

differentiation compared to a lower density 3D model such as silk scaffold.

Together, these findings demonstrate that MI192 pre-treatment is able to enhance hBMSCs
expression of key osteoblast-related proteins within the BMT model, replicating enhancements
observed in the GelMA study in this chapter. Therefore, this emphasises the plasticity of M1192
to stimulate the expression of key-osteoblast related proteins in two different 3D culture
environments. From the osteogenic protein expression observed within these 3D in vitro
models, it is clear that the high-density culture environment of the BMT model promoted MSCs
bone-like tissue formation to a greater degree when compared to the lower density GelMA
environment. With the enhanced osteogenic protein deposition stimulated by MI192, this
provides an indication into the effects of this HDACi in stimulating hBMSCs mineral deposition
within this model, as extracellular matrix deposition is an important precursor for mineralisation

(301, 303).

The effects of M1192 on hBMSCs expression of chondrogenic proteins were evaluated due to the
chondrogenic favourable conditions known to be induced by microtissue and BMT culture (253,
335), in addition to the increased GAG accumulation observed in the untreated construct in this
study. AGG, a key structural proteoglycan found within cartilage tissue (434), was positively
expressed throughout the untreated BMT at an increased staining intensity compared to the
MI192 pre-treated group. The reduction in AGG expression in the MI192 pre-treated group
correlated with the Alcian blue staining for GAG expression (Fig 4.40) observed in this study.
Col2a is a key extracellular matrix protein which is the basis of articular and hyaline cartilage
(435). The untreated group expressed positive Col2a expression throughout the construct, at a
greater intensity compared to the MI1192 pre-treated BMT. The increased accumulation of these
chondrogenic proteins in the untreated group indicates that M1192 pre-treatment is capable of
controlling the lineage-specific differentiation of hBMSCs within this culture model. It was
previously demonstrated that MI1192 controlled the lineage-specific differentiation of ADSCs by
stimulating osteogenic differentiation, while inhibition adipogenic differentiation (214). In the
literature, Lee and Im (2017) demonstrated that TSA inhibited the formation of cartilaginous
tissue of hBMSCs cultured in chondrogenic pellet conditions (340), similar to the observation of
this study. This emphasises the importance of HDAC isoform selectivity in controlling MSCs

differentiation in addition to chromatin remodelling effects of these epigenetic compounds. The
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increased expression of osteogenic proteins/absence of chondrogenic proteins within the M1192
pre-treated group, indicates bone formation either via intramembranous ossification or a much-
accelerated endochondral ossification route when compared to the untreated constructs (39,

344).

The effects of MI192 on hBMSCs calcium deposition and mineralisation within the BMT
construct was assessed using Alizarin red and Von Kossa staining respectively, as these are key
attributes for functional bone-like tissue. Both BMT constructs exhibited strong Alizarin red
staining, indicating enhanced levels of calcium deposition in this model. This was expected as
microtissue culture is known to accelerate MSCs mineralisation (321). In both groups, the
strongest calcium deposition was situated towards the edges of the construct and at the
microtissue/scaffold interface, replicating the location of enhanced protein expression from the
immunostaining results in this study. Within the untreated group, areas of weak calcium
deposition was observed within the core of some microtissues, correlating with the aberrant
tissue formation observed from the H&E staining and immunohistochemical analysis (ALP,
Colla) in this study. The MI192 pre-treated group exhibited an increased quantity of large
nodule-like formations throughout the construct, while these were situated towards the outer
regions of the microtissues in the untreated group. These nodule-like formations exhibited
intense Alizarin red staining, which may indicate the deposition of functional mineral nodules

within the BMT, which was evaluated by Von Kossa staining.

Following Von Kossa staining for functional mineral nodules, it was observed that both groups
exhibited extensive black staining throughout the construct. Within the untreated construct,
nodule formation was primarily located towards the outer regions of the individual microtissues
and the entire BMT; however, there were large areas within the core of the construct which
lacked mineral nodules. It is likely increased access to osteogenic medium at the outer regions
of the construct accelerated the deposition of mineral nodules; while within the microtissues
the absence of mineral nodules indicates cells are still in the cartilaginous template phase of
endochondral ossification (39, 344). Within the MI192 pre-treated group, functional nodule
formation was observed throughout the construct, with almost the entire BMT exhibiting
positive Von Kossa staining. These findings indicate the role of this HDACi in enhancing the
mineralisation of the more mature extracellular matrix exhibited by the MI192 pre-treated
hBMSCs within the construct, replicating the effects of HDACis on mineralisation in the
literature (209, 320). Although both groups displayed positive calcium accumulation throughout

the BMT, this only correlated with mineral nodule formation in the MI1192 pre-treated group.
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These mineralisation findings closely correlated with the observations following histological
analysis (H&E and Picrosirius red staining) and the immunostaining results (ALP, Colla and OCN)
in this study. The enhanced deposition of bone-related matrix proteins within the MI1192 pre-
treated group, likely stimulated the increased mineral nodule deposition observed, as
extracellular matrix deposition is known to be an important precursor for mineralisation (301,
303). The matrix mineralisation induced by MI1192 correlated with the monolayer findings in this
chapter (Fig. 4.14 and 4.15) and the effects of MI192 pre-treatment on the mineralisation
capacity ADSCs within the AM silk scaffold (214). In comparison, a substantially increased
mineral nodule deposition was observed in this study, likely attributed to the enhanced
osteogenic potential of BMSCs compared to ADSCs (318, 319) and the advantages high-density

microtissue culture provides for stimulating mineralisation (245, 248-250).

The findings from the histological/immunohistochemical analysis clearly demonstrate M1192
pre-treatment of hBMSCs is able to promote the deposition of key osteogenic proteins and
functional mineral nodules within the BMT construct, not only to cells with immediate access to
the osteoinductive medium, as observed in the untreated construct. The untreated group
positively expressed the majority of the osteogenic markers assessed; however, the aberrant
nature of the tissue formation observed within the construct indicates untreated hBMSCs
osteogenesis was heavily dependent on access to the osteogenic medium. The regions of
enhanced tissue formation located in the construct were likely induced by proximity to
osteogenic medium, indicating that the scaffold fibres within the core of the construct allow for
the diffusion of osteogenic factors into the centre of BMT. Without this increased access to the
osteogenic medium, it is likely tissue formation within the core of the construct would favour
the chondrogenic lineage or due to lack of nutrient exchange, may result in cell death. In
addition, the environmental/mechanical stresses exerted to cells at the microtissue/scaffold
interface, may have accelerated hBMSCs osteogenic differentiation in these locations, as MSCs

interaction with stiffer substrates has been shown to promote MSCs osteogenesis (307, 436).

As with the osteoblast-related extracellular matrix proteins, MI192 substantially enhanced
hBMSCs mineralisation within the GelMA hydrogel (GelMA alone and GelMA-PEBT/PBT),
however, a greater degree of mineralisation was observed in the BMT study. This is probably
attributed to the advantages of high-density culture for accelerating osteogenic differentiation
(228, 254). Therefore, from the two 3D scaffold systems evaluated in this chapter, the BMT
model would provide the most appropriate platform to evaluate the effects of MI192 pre-

treatment on stimulating hBMSCs bone formation in vivo.
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4.4.5 - The effects of MI1192 on hBMSCs BMT in vivo bone formation

HDACi therapies for bone tissue engineering have primarily been evaluated in vitro; therefore, it is
important to further investigate how these potential therapies would behave in a more
physiologically relevant environment. In the literature, there have been limited studies investigating
the effects of HDACis on stimulating bone formation in vivo. Jung et al. (2010) reported that NaB and
TSA loaded a-calcium scaffolds enhanced bone defect formation within a rat calvarial model (208),
while Lee et al. (2011) demonstrated Largazole combined with a collagen scaffold enhanced bone
formation within a mouse calvarial defect (215). The importance of evaluating the use of HDACis in
vivo was demonstrated by de Boer et al. (2006), where they could not replicate the stimulation of
MSCs osteogenic differentiation upon TSA and NaB treatment in vivo, which was previously
demonstrated in vitro (74). Additionally, the in vivo studies utilising this epigenetic approach for
bone tissue engineering have employed panHDACis, with their associated limitations (213).
Therefore, it is essential to determine the effects of MI192 pre-treated hBMSCs bone-like tissue
formation in vivo. From the 3D in vitro studies in this chapter, MI192 pre-treatment was capable of
promoting the osteogenic capacity of hBMSCs within the GelMA hydrogel (GelMA alone and GelMA-
PEBT/PBT) and the BMT construct. However, it was observed that the BMT model exhibited
substantially enhanced bone-like tissue formation when compared to the hydrogel system, likely
influenced by the advantages of high-density culture on stimulating osteogenesis (254, 437).
Therefore, the BMT system was utilised to investigate the effects of MI192 pre-treatment on

hBMSCs bone-like tissue formation in vivo.

Several studies have demonstrated the successful use of diffusion chambers to assess bone
engineered constructs in vivo (257, 258); therefore, this model was employed to evaluate the effects
of MI192 in stimulating hBMSCs bone-like tissue formation in a physiologically relevant
environment. Untreated and MI192 pre-treated hBMSCs were cultured as microtissues and formed
into BMT constructs, following which they were placed into diffusion chambers for intraperitoneal
implantation within CD1 mice for 8 weeks. Following extraction, macroscopic evaluation of the
constructs was undertaken. The incorporated tissue modules remained within the scaffold
framework throughout the in vivo implantation period, indicating successful microtissue fusion
consistent with the in vitro observations in this chapter (Fig 4.39). X-ray analysis demonstrated
dense tissue formation within the microtissue regions of the construct. The MI192 pre-treated
group possessed strong radio-opacity in each microtissue region, while the untreated BMT
exhibited a similar radio-opacity observed in an aberrant nature, primarily towards one face of the

construct. These observations from the radio-graphs indicate MI192 pre-treatment enhanced the
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dense tissue formation within the BMT construct during in vivo implantation when compared to the

untreated group, inferring enhanced mineralisation in the HDACi treated BMT.

Histological analysis was undertaken to evaluate the effects of MI192 pre-treatment on hBMSCs in
vivo bone-like tissue formation within the BMT. Following H&E staining, it was observed that the
incorporated microtissues were able to fuse together and occupy the entire internal void volume of
the 3D printed scaffold, similar to the in vitro findings acquired in this chapter (Fig 4.39) and
consistent with findings in the literature (253, 335). The complete occupation of the scaffold void
volume by the microtissues is important, as it would provide increased cellular contact with the
surrounding host tissue, thus promoting cell migration and enhanced tissue integration. Dense
tissue formation was observed towards one face of the untreated construct; however, in the MI1192
pre-treated group, similar dense tissue formation was distributed more uniformly throughout the
construct towards the edges of the individual microtissues. The dense tissue formation observed
within the groups correlated with the radio-opacity observed following X-ray analysis, indicating
mineralisation within these regions. Within the in vitro BMT study, a similar pattern of aberrant and
uniform dense tissue formation was observed in the untreated and MI192 pre-treated groups,
respectively (Fig 4.39). However, a greater degree of dense tissue formation was observed in both
groups in vitro compared to the in vivo constructs, probably due to increased access to osteogenic

medium.

Picrosirius red/Alcian blue staining was utilised to identify the formation of collagens and GAGs
within these BMT constructs following in vivo implantation. The untreated group exhibited weak
collagen expression throughout the construct, primarily located in the left half of the BMT. In
comparison, the MI192 pre-treated group displayed increased Picrosirius red staining distributed
more uniformly throughout the construct, with enhanced collagen expression located at the outer
regions of each microtissue. The strongest expression for these collagens was situated within the
nodule-like formations which were of greater quantity in the MI192 pre-treated group. Additionally,
these nodules were located in similar regions of dense tissue formation observed from the H&E
analysis, indicating enhanced mineralisation in these regions, as extracellular collagen deposition is
important for mineralisation (301). A global increase in GAG accumulation was observed within the
untreated group when compared to the MI192 pre-treated construct, with enhanced Alcian blue
staining primarily situated towards the right half of the untreated BMT. The side which exhibited the
strongest GAG expression also possessed the densest tissue formation observed from the H&E
staining. This may indicate the bone formation within the untreated construct is a combination of

endochondral ossification (GAG accumulation and dense tissue formation) and intramembranous
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ossification (collagen expression); while the MI1192 pre-treated group exhibited greater evidence of
uniform bone like-tissue formation (either intramembranous or accelerated endochondral
ossification) at the time point assessed (38). The differential expression of collagens/GAGs observed
between the groups, clearly demonstrates the capability of MI192 to control the lineage-specific
differentiation of hBMSCs in the BMT construct during in vivo implantation, consistent with the
findings in the BMT in vitro study in this chapter (Fig 4.40). Untreated BMTs in both the in vitro and
in vivo studies in this chapter, exhibited enhanced GAGs accumulation when compared to the M1192
pre-treated groups. However, GAG expression was much more prominent within the in vivo study,
likely due to the reduced exposure to the osteoinductive medium. Additionally, the diffusion
chamber model is known to create a chondrogenic favourable condition due to the passive diffusion
of nutrients/waste and preventing the influence of angiogenesis with the construct. Therefore, the
evidence of chondrogenic protein expression observed may be influenced by this in vivo model (345,
346). Nonetheless, these results clearly demonstrate that MI192 pre-treatment is able to control
and accelerate osteogenic lineage-specific differentiation of hBMSCs within the BMT construct

during in vivo implantation.

The effects of MI1192 pre-treatment on hBMSCs extracellular matrix deposition within the BMT was
analysed via immunohistochemical staining. Positive deposition of Colla was observed in both
groups; however, the MI192 pre-treated group exhibited a substantially increased expression
intensity for Colla located within each incorporated microtissue. The differential Colla protein
expression observed between the groups correlated with the Picrosirius red staining results, further
confirming the role of MI192 pre-treatment in enhancing the osteogenic phenotype of hBMSCs
within the BMT in vivo, resulting in the increased expression of this key bone extracellular matrix
protein (113). The weak Colla expression in the untreated group following in vivo implantation did
not correlate with the in vitro results (Fig 4.43), indicating the untreated BMT in the in vitro study
were heavily dependent on access to the osteogenic medium to stimulate the expression of this
bone matrix protein. Due to the reduced exposure to osteogenic medium for the in vivo constructs,
the effects of MI192 on stimulating hBMSCs collagen expression is much more prominent in this
study compared to the in vitro constructs. The correlating Picrosirius red and Colla expression
acquired in this study were consistent with the dense tissue formation observed following H&E
staining. This indicates enhanced mineral nodule formation in these areas as extracellular collagen

deposition plays a significant role in providing a template for mineralisation to occur (438).

The MI192 pre-treated group exhibited increased OCN expression intensity throughout the construct

when compared to the untreated control. This indicates MI192 pre-treatment promoted the
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osteogenic maturation of hBMSCs within the BMT during in vivo incubation. The greatest expression
for OCN was situated in similar regions to the dense tissue formation highlighted by H&E staining
and the areas of enhanced Picrosirius red and Colla expression within the constructs, indicating the
role of these extracellular matrix proteins in stimulating hBMSCs mineralisation within this model in
vivo (301, 303). OCN expression observed in these constructs was at a much-reduced staining
intensity compared to the in vitro results, which is expected due to the lack of osteogenic inductive
culture for the in vivo samples. Although OCN expression intensity was much stronger in the BMT
constructs in vitro, the difference in expression intensity between the groups was similar within the
in vitro and in vivo study. This indicates the ability of MI192 in stimulating the osteogenic maturation
of hBMSCs within the BMT model with the lack of osteogenic medium, likely due to MI192 selectivity
for the bone-associated HDAC3 isoform (140). This enhanced protein expression for OCN and Colla
correlated with similar observations observed in the in vitro study in this chapter (Fig 4.43 and 4.44).
Together, these findings demonstrate the capability of MI192 in promoting hBMSCs osteogenic

maturation within the BMT construct during in vivo implantation.

The effects of MI192 pre-treatment on hBMSCs chondrogenic protein expression was further
evaluated due to the increased accumulation of GAGs observed in the untreated constructs (Fig
4.52) and the chondrogenic favourable environment provided by the BMT model and the diffusion
chamber system (333, 345, 346). The MI192 pre-treated BMT exhibited little evidence of AGG
accumulation, while within the untreated group, strong AGG expression was located throughout the
construct. The strongest protein expression was observed in similar areas exhibiting enhanced GAG
accumulation. The untreated group also exhibited increased Col2a protein expression distributed
throughout the construct, with enhanced intensity situated in similar areas to the increased AGG
and GAG accumulation. The differential chondrogenic protein expression acquired between the
groups clearly demonstrates that MI192 pre-treatment controlled the lineage-specific differentiation
of hBMSCs within the BMT during in vivo implantation, consistent with the findings acquired in the in
vitro study (Fig 4.45 and 4.46). Lee and Im (2017) reported similar observations where TSA inhibited
chondrogenic differentiation of BMSC pellets during chondrogenic culture (340). Moreover, the
increased expression of these chondrogenic proteins observed within the untreated group provides
more substantial evidence into the stage of bone formation within the untreated/MI192 pre-treated
BMT at this time point. The increased expression of chondrogenic proteins in the untreated group
provides evidence of the cartilaginous template phase of endochondral ossification. While the
enhanced expression of osteogenic proteins in the MI192 pre-treated group indicates bone
formation via intramembranous or accelerated endochondral ossification (38). To acquire a clearer

understanding of whether the differential chondrogenic/osteogenic differentiation observed within
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these constructs follow the endochondral ossification route, these constructs should be implanted
within a more physiologically relevant pre-clinical model which would allow the influence of other
cells types to modulate bone formation. From the differential protein expression observed in the in
vitro and in vivo BMT study, this clearly demonstrates MI1192 pre-treatment is capable of controlling
lineage-specific differentiation of all hBMSCs within the BMT construct, resulting in the accelerated

bone-like tissue formation.

The effects of MI192 pre-treatment on hBMSCs calcium deposition and mineralisation within the
BMT following in vivo implantation were assessed via Alizarin red and Von Kossa staining
respectively, as these are important attributes for the formation of clinically relevant bone tissue.
Both groups exhibited strong Alizarin red staining throughout the constructs, indicating successful
calcium deposition within this model. The positive accumulation of calcium observed within the BMT
constructs was expected as the pellet culture environment is known to stimulate MSCs calcium
deposition due to the increased cell-cell/cell-matrix interactions within this high-density
environment (228, 321). Within the untreated group, increased calcium deposition was located
towards one face of the construct, while within the MI192 pre-treated group, strong calcium
deposition was situated at the edges of the individual microtissues. The increased calcium
accumulation within these groups replicated the areas of dense tissue formation observed following
X-ray analysis and H&E staining. The enhanced calcium deposition observed within the in vitro study
(Fig 4.48) did not correlate with the findings in this study, likely attributed to the lack of osteogenic

inductive culture for the in vivo samples.

Following Von Kossa staining, both groups exhibited extensive black staining throughout the
constructs indicating the formation of functional mineral nodules. The mineral deposition was
situated at the outer regions of the individual microtissues in the MI1192 pre-treated group, while
mineral nodules were located towards the right face of the untreated construct. The mineral
deposition observed within these groups correlated with the regions of increased calcium deposition
following Alizarin red staining. In addition, the enhanced mineralisation induced by MI192,
correlated with the dense tissue formation observed following H&E staining and the increased
osteogenic protein expression observed in this study. The fact that both groups exhibited positive
mineral deposition within the BMT indicates microtissue culture was sufficient to induce
mineralisation, consistent with findings in the literature (254). It is likely nodule formation was
stimulated during osteogenic microtissues culture prior to BMT assembly and was maintained to
differing degrees in the untreated and MI192 pre-treated groups during in vivo implantation. As with

the Alizarin red staining, much-increased mineralisation was observed within the in vitro samples
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(Fig 4.49) compared to this in vivo study, likely due to the prolonged incubation in osteogenic
medium. Additionally, in this study, the untreated group possessed mineral nodules even at the core
of each microtissue, which was absent in the in vitro BMT samples. This likely indicates the role of
shear fluid flow of nutrients that occurs within the diffusion chamber in stimulating osteogenic
differentiation and maturation, as studies have reported the influence of fluid shear stresses on
bone formation (316, 317). Moreover, the increased culture period for the in vivo constructs
compared to the in vitro BMT (8 weeks vs 6 weeks, respectively), may contribute to the observations
of mineral deposition within the core of untreated microtissues in vivo. The difference in nodule
formation between the groups is much greater in this study compared to that observed in the in
vitro constructs, indicating the untreated hBMSCs were heavily dependent on access to osteogenic
medium to promote mineral nodule formation in the in vitro study. This correlated with the
observations from the osteogenic protein expression acquired between the in vitro and in vivo BMT
constructs. The enhanced mineralisation stimulated by MI192 pre-treatment in this study replicated
similar findings in the literature with TSA pre-treated hDPLCs combined with PCL/PEG scaffolds

shown to repair mouse calvarial defects (320).

Together, the findings of this study demonstrate that MI192 pre-treatment was capable of
promoting the osteogenic capacity of hBMSCs during BMT in vivo implantation, resulting in the
enhanced formation of bone-like tissue. Moreover, these results clearly showed that MI192
controlled the lineage-specific differentiation of hBMSCs within this model in vivo. The majority of in
vivo studies in the literature have investigated the potential of panHDACIs for stimulating bone
regeneration (208, 215). To date, Huynh et al. (2017) is the only study to demonstrate enhanced
bone formation in vivo utilising a pre-treatment strategy similar to this study, with TSA pre-treated
hDPLCs in PCL/PEG scaffolds repairing mouse calvarial bone defects (320). Therefore, as of writing,
currently no studies have investigated the use of HDACis, particularly selective HDACIs, to
stimulate hBMSCs bone-like tissue formation in vivo. The findings of this study support the need
for further in vivo examination into the potential of this epigenetic approach to stimulating bone

repair.

To summarise, the effects of MI1192 on hBMSCs behaviour and osteogenic capacity in 2D and 3D
in vitro and in vivo culture was investigated in this chapter. In monolayer culture, it was
demonstrated that MI192 caused a time-dose dependent reduction in hBMSCs viability.
Additionally, MI192 halted cell cycle progression in the G,/M phase and altered hBMSCs
epigenetic functionality confirmed via HDAC inhibition and increased histone H3K9 acetylation.

MI192 pre-treatment enhanced hBMSCs osteogenic capacity in 2D culture confirmed by
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increased osteoblast-related gene/protein expression, ALPSA, calcium deposition and
mineralisation. Within the 3D culture environment (GelMA hydrogel (GelMA alone and GelMA-
PEBT/PBT construct) and BMT model), MI192 pre-treatment stimulated hBMSCs osteoblast-
related gene/protein expression, ALPSA, calcium deposition and mineralisation. Bone-like tissue
formation induced by MI192 was substantially increased within the BMT construct when
compared to the GelMA hydrogel. Following diffusion chamber intraperitoneal implantation
within CD1 nude mice, MI192 pre-treatment substantially enhanced hBMSCs expression of
osteoblast-related extracellular matrix proteins and increased calcium deposition/mineralisation
within the BMT, while inhibiting the expression of chondrogenic proteins within the construct.
Together, the findings presented in this chapter demonstrate the potential of utilising this
epigenetic approach for enhancing the efficacy of hBMSCs for bone tissue engineering

applications.
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Chapter 5 - General discussion

In this chapter, the findings of the thesis are collated together and placed into context within the

literature. Conclusions from the findings are made, and potential future studies are discussed.

5.1 - General discussion

The aim of the research undertaken within this thesis was to evaluate the potential of a selective
HDAC2 and 3 inhibitor - MI192 to enhance the efficacy of clinically relevant MSCs (hDPSCs and

hBMSCs) for bone regeneration.

Tissue engineering has been seen as the potential solution to meet the rising clinical demand for
bone tissue, although current approaches have garnered limited clinical success. Researchers have
looked to enhance the osteogenic capacity of MSCs for bone regeneration via methods such as gene
therapy, however, these technologies are associated with safety concerns which hinder their clinical
translation (197, 356). Epigenetic regulators such as HDACi compounds have demonstrated the
ability to stimulate MSCs differentiation (209, 212), which was extensively discussed in the literature
review, therefore providing a possibly safer method of controlling MSCs differentiation compared to
gene modifying techniques. The majority of studies in the literature have utilised panHDACis to
stimulate MSCs osteogenic capacity, which due to their inhibition of a broad spectrum of HDAC
isoforms may result in reduced differentiation efficacy and increased potential side-effects (213).
The research undertaken in this thesis builds on the findings in the literature, however with the use
of a selective HDACi which has not been extensively investigated for tissue engineering applications.
Previously, it was demonstrated the selective HDAC2 & 3 inhibitor - M1192 enhanced the osteogenic
capacity of ADSCs when compared to the use of the panHDACi TSA (214). Therefore, in this thesis,
the effects of MI192 on stimulating the osteogenic differentiation of other clinically relevant MSCs
for bone tissue engineering, such as DPSCs and BMSCs were evaluated. DPSCs have garnered
increasing interest in the field due to their ease of procurement with limited donor site morbidity,
high proliferation rate and osteogenic potential (168, 209). However, the use of these MSCs are
associated with drawbacks such as low procurement vyield and lack of consistent
isolation/purification methods (439). Additionally, the effects of MI192 on BMSCs was evaluated in
this thesis as these MSCs remain the gold standard MSCs source used for bone augmentation
strategies, due to their well-characterised properties and proven differentiation down the
mesoderm lineages (352). Similar to DPSCs, the use of BMSCs is associated with limitations such as
invasive acquisition, low procurement yield and proliferation rate (153). Moreover, in this thesis, the

effects of MI192 treatment on MSCs bone formation were investigated within 3D scaffolds systems
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in vitro and in vivo, where the assessment of HDACi-based therapies in these environments have

been lacking in the literature.

To enhance stem cell-based therapies for tissue engineering, stem cell enrichment protocols have
been developed to isolate and acquire cells exhibiting the greatest differentiation potential.
Although utilised within the tissue engineering field, the removal of these sorting methods maintains
cells as minimally manipulated as possible, overcoming increasing regulatory issues regarding the
use of cell-based therapies (440). The use of enrichment procedures are influenced by donor
variability, as the majority of patients who require bone constructs tend to be older, where it has
been reported that stem cell markers expression alters with age (441). Moreover, due to the low
yield numbers of BMSC and DPSC progenitors procured from bone marrow aspirates and dental pulp
tissues respectively (~0.01 — 0.001%) (153, 222), these enriched cells would require an extensive in
vitro expansion which is time and cost-intensive. These issues would be further exacerbated with the
use of stem cells acquired from older patients, as the quantity and quality of MSCs are known to
decrease with age (442, 443). The prolonged expansion required to procure the necessary quantity
of cells for clinical use will heavily impact the use of BMSCs due to their reduced proliferation rate
compared to DPSCs (444). Although DPSCs exhibits an increased proliferation rate compared to
BMSCs (223, 298), the low quantity of cells procured from the pulp tissue is a potential limitation for
the clinical application of these cells (445), which would be further exacerbated by enrichment
procedures. Additionally, DPSCs lack the specific isolation markers which prevent the accurate and
consistent isolation of MSC populations (229, 446). The process of MSCs isolation results in the
removal of cells which do not possess self-renewal and multipotency characteristics, however, in the
niche environment these cells play a significant role in directing and maintaining MSCs proliferation
and differentiation into bone-forming cells in situ (447), therefore their removal may be detrimental and
further exacerbate the artificial environment provided by in vitro culture (177, 178). It has been reported in
the literature that extensional and hydrodynamic forces that MSCs are exposed to during FACS, has a
negative effect on cellular signalling and differentiation capacity of sorted MSCs (265, 448, 449). Therefore,
minimally manipulated primary hDPSCs and hBMSCs were utilised in this thesis. The multipotency of
MSCs acquired was confirmed by tri-lineage differentiation shown in the Appendix (Fig A3 & A4).
Although the research in this thesis is not directly comparing the effects of MI1192 on these MSCs

populations, relative comparisons can still be made.
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5.1.1 - The effects of MI1192 on MSCs general behaviour in 2D culture

The objective of these studies was to evaluate the effects of MI192 on the general behaviour of
MSCs during 2D in vitro culture. HDAC enzymes are known to target numerous histone and non-
histone substrates which are involved in several key cellular processes such as proliferation,
differentiation, cell cycle regulation and apoptosis (83, 91). Therefore, it is clear inhibiting the
activity of these enzymes will likely dysregulate these cellular functions, which could impact the
therapeutic use of HDACis for bone tissue engineering. In these studies, the effects of MI192 on
MSCs morphology, viability, HDAC activity, histone acetylation and cell cycle progression were

evaluated in the respective MSC chapters.

It was demonstrated that MI192 treatment caused a time-dose dependent decrease in the viability
of both MSCs assessed in this thesis (morphology, metabolic activity, DNA content), consistent with
the effects of MI1192 on ADSCs and panHDACis utilised in the literature (209, 214, 264). As MI192
was shown to halt MSCs cell cycle progression at the G»/M phase, this likely resulting in M1192
reducing the proliferation capacity of MSCs at lower concentrations and at higher concentrations
was cytotoxic. As MI192 has been shown to be cytotoxic at high concentrations and increased
exposure periods, it does not disregard the use of this HDACi for cell-based therapies if utilised
correctly. This resulted in the adoption of a pre-treatment strategy in this thesis, which minimises
the exposure of MI192 on MSCs while allowing further investigation into its effects in stimulating
osteogenesis. The utilisation of a pre-treatment strategy was similarly adopted in the literature and

in previous studies using MI1192 (209, 214, 264).

MSCs have been shown to be highly sensitive to epigenetic modifications (281), indicating the
potential efficacy of HDACi compounds for enhancing MSCs for bone augmentation strategies.
Therefore, it is important to acquire a deeper understanding of the mechanisms in which these
compounds alter MSCs epigenome. In this study, MI1192 treatment successfully inhibited the HDAC
activity in these MSCs, replicating the effects of this inhibitor on ADSCs, HelLa and PC3 cells (100,
214, 282). It was important to determine the effect of this inhibition on downstream acetylation
within these MSCs, as the process of acetylation is associated with enhancing the transcriptional
potential of the cell (71). Moreover, the effect of MI192 on MSCs acetylation has not been
previously assessed, underlining the importance of this analysis undertaken within this thesis. M1192
treatment for 48 hours enhanced histone H3K9 acetylation levels in both MSCs assessed when
compared to their respective untreated control groups, indicating this HDACi successfully altered
MSCs epigenetic functionality. Interestingly, histone acetylation was significantly enhanced with

MI192 concentrations of > 1 uM and > 20 puM in hDPSCs and hBMSCs after 48 hours, respectively.
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The difference in the concentrations required to significantly alter histone H3K9 acetylation levels is
possibly attributed to the variances between these MSCs. It is likely the MI192 concentration
thresholds identified to substantially increase histone acetylation, indicates a transcriptionally
permissive chromatin (71), therefore highlighting treatment conditions which are capable of

augmenting MSCs differentiation.

Several studies have demonstrated that HDACis have the ability to disrupt the cell cycle at various
stages (39, 40). It has been reported that HDAC3 inhibition results in cell cycle arrest in the G,/M
phase, due to dysregulation of its non-histone substrate CDK1 which is responsible for regulating
G,/M checkpoint progression (119). As MI192 selectively inhibits HDAC3, it would follow that this
HDAC i altered the cell cycle progression of both MSCs, with a particular accumulation observed in
the G,/M phase, consistent with the observations acquired for MI192 treated ADSCs (214). These
findings replicated numerous studies investigating the effects of HDACi treatment on controlling cell
cycle progression (19, 264), where differences in cycle arrest are attributed to the differential HDAC
isoforms inhibited. It is likely the enhanced accumulation in this phase is linked to the increased
response to DNA damage induced by HDACi treatment (122, 124), preventing the passage through
the G,/M checkpoint, resulting in either sufficient DNA repair (halting proliferation) or insufficient
DNA repair (controlled apoptosis). Therefore, within hDPSCs, the accumulation in the G,/M phase is
probably due to the effects of this HDACi in halting proliferation rather than inducing apoptosis, as
the MI192 concentration utilised (2 pM) exhibited limited cytotoxicity. However, due to the
increased MI192 dose utilised for hBMSCs (50 uM), it is likely a greater degree of DNA damage
occurred resulting in increased apoptosis, replicating the effects with MI192 treated ADSCs (214).
The differential MI192 concentrations utilised between the MSCs was due to the dose required to
substantially alter hyperacetylation and ALPSA in the respective MSCs chapter. Future studies should
look to fully elucidate the link between cell cycle progression and HDAC inhibition. Additionally, it
would be interesting to evaluate the effects of a range of MI192 doses and different time points on

MSCs cell cycle progression.
5.1.2 - The effects of MI1192 on MSCs osteogenic capacity in 2D culture

The objective of these studies was to investigate the effects of MI1192 on MSCs osteogenic capacity
in 2D in vitro culture. Several panHDACis have been reported to enhance the osteogenic potential of
MSCs in the literature (209, 212), however, limited studies have demonstrated the efficacy of
selective HDACIs in stimulating MSCs osteogenic differentiation (214). Therefore, in these studies,
the effects of MI192 pre-treatment on MSCs osteoblast-related gene and protein expression, ALPSA,

calcium deposition and mineralisation were analysed in the respective MSC chapters.
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Initially, ALPSA levels were quantified to determine the effects of MI192 on the osteogenic capacity
of these MSCs. The optimal MI192 pre-treatment conditions identified to significantly enhance
ALPSA were 2 and 50 uM for 48 hours in hDPSCs and hBMSCs, respectively. These conditions which
promoted MSCs osteogenic capacity correlated with a similar increase in H3K9 acetylation in the
respective MSCs, indicating MI192 treatment promoting the transcriptional permissiveness of the
chromatin (71), resulting in increased potency of introduced/intrinsic osteogenic factors (38, (291).
Additionally, the hyperacetylation induced by MI192 treatment will affect non-histone substrates,
such as altering the transcriptional activity of Runx2 (262), therefore resulting in enhancing
downstream ALP expression. Moreover, these treatment conditions may be the threshold required
to sufficiently inhibit HDAC3, resulting in alleviating Runx2 repression. The difference in the
treatment conditions required to increase ALPSA between these MSCs is likely attributed to their
underlying phenotypes. It has been reported that hDPSCs possess a greater osteogenic potential
compared to hBMSCs (265, 298), therefore, the former requires a lower MI192 dose to stimulate
osteogenesis. Previously it was reported that MI1192 pre-treatment of 30 uM for 48 hours enhanced
ALPSA in ADSCs, further confirming the influence of MSCs osteogenic capacity in determining M1192
pre-treatment condition required to stimulate osteogenesis. In the literature, Paino et al. (2014)
reported a pre-treatment condition of 1 mM VPA for 48 hours increased osteogenic differentiation
of hDPSCs (209), while Cho et al. (2005) reported a similar enhancement in hBMSCs and hADSCs
osteogenic capacity following VPA pre-treatment condition of 1 mM for 96 hours (212), correlating
with the observations made above. To thoroughly assess this, a donor-matched comparison study

utilising MI192 or other HDACis on appropriate MSCs would be the most appropriate approach.

Although MSCs were not acquired from the same patient, ALPSA was significantly higher in the
hDPSCs when compared hBMSCs in basal conditions, indicating hDPSCs exhibited an increased
osteogenic phenotype, consistent with observations in the literature (265, 298). Moreover, it was
observed that the MI192 pre-treatment conditions optimised in the respective MSC chapters,
enhanced hDPSCs ALPSA to a greater degree (2.2-fold, 2 uM for 48 hours) when compared to the
that in hBMSCs (1.4-fold, 50 uM for 48 hours). This indicates MSCs osteogenic capacity influences
the efficacy of osteogenic stimulation induced by MI192. The optimised pre-treatment conditions
were confirmed to similarly stimulate ALPSA of MSCs acquired from different donors in this thesis. It
is worth noting the age and sex of the donors acquired is not representative of all possible donors in
the clinical setting, therefore it would be interesting to assess the effects of MI192 on a broader
range of donors. The optimised pre-treatment conditions (2 and 50 uM for 48 hours in hDPSCs and

hBMSCs, respectively) was utilised for the rest of the respective MSCs chapters.
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Following optimisation of the treatment condition, the effects of MI192 pre-treatment on the
osteoblast-related gene and protein expression were assessed in these MSCs. It was determined
that MI192 pre-treatment upregulated the expression of osteoblast-related genes (RUNX2, ALP,
BMP2, COL1IA and OCN) when compared to the untreated group in both hDPSCs and hBMSCs
chapters; although differences in the expression profiles were observed particularly for the early
markers (RUNX2, ALP and BMP2), likely attributed to the phenotypic differences between these
MSCs. For these early markers, a greater degree of enhancement was observed in the hBMSCs upon
MI192 pre-treatment when compared to hDPSCs. This may be indicative of the mechanisms in which
MI192 stimulates the early phase of osteogenesis in these MSCs, by either enhancing the
transcriptional permissiveness of the chromatin (increasing gene expression) and/or by inhibiting
HDAC3 repression of Runx2 (enhancing Runx2 transcriptional activity). With hDPSCs possessing an
increased osteogenic potential compared to hBMSCs (265, 298), these cells likely express higher
levels of intrinsic osteogenic factors such as Runx2 in basal conditions; therefore, M1192 inhibition of
HDACS3 results in increasing the transcriptional activity of Runx2 in hDPSCs, negatively repressing
Runx2 gene expression. As hBMSCs exhibit a weaker osteogenic capacity compared to hDPSCs (265,
298), these cells must first rely on the chromatin conformation effect induced by HDACis to enhance
the mRNA levels of early osteogenic markers. Once hBMSCs possess sufficient levels of early markers
such as Runx2, the mechanism of alleviating HDAC3 repression of Runx2 comes into effect.
Therefore, the differences in expression profiles observed for the early markers in these MSCs may
be indicative of which mechanism of action MI192 most effectively stimulates early phase
osteogenesis. Additionally, as MI192 was shown to stimulate hDPSCs H3K9 acetylation to an
enhanced degree compared hBMSCs, it is probable that the increased hyperacetylation enhanced
the transcriptional activity of Runx2 compared to that in hBMSCs, therefore influencing the RUNX2
mRNA expression profile observed between these MSCs. It would be interesting to assess the effects
of MI192 pre-treatment on the acetylation of Runx2 in these MSCs, as this would provide superior

mechanistic knowledge on how MI192 enhances MSCs osteogenic capacity.

It was previously demonstrated that MI192 pre-treatment stimulated ADSCs osteoblast-related gene
expression similar to the findings presented in this thesis, however, OCN expression was down-
regulated within the M1192 pre-treated ADSCs, which did not correlate with the results in this thesis
(224). It is likely the MSCs utilised (hDPSCS and hBMSCs) exhibits a greater osteogenic potential
compared to ADSCs (298, 318, 319), therefore MI192 is capable of potentiating the maturation of
these MSCs into a more mature osteogenic phenotype compared to ADSCs. Moreover, ADSCs
utilised in the previous studies were sorted with stem cell markers, which has been demonstrated in

the literature to have a negative effect on MSCs differentiation capacity (265, 449). ICW confirmed
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MI192 pre-treatment increased the protein expression of key osteogenic markers within both MSCs,
indicating the upregulation in gene expression successfully translated into enhanced production of
osteogenic proteins. These findings replicated work in the literature with panHDACis and with M1192

pre-treated ADSCs on MSCs osteogenic gene and protein expression (209, 214).

From the findings in both MSCs chapters, this has provided insights into the potential mechanism of
action in which MI192 stimulates osteogenic differentiation. It was demonstrated that a pre-
treatment condition was capable of stimulating these MSCs long-term osteogenic capacity after the
removal of the compound. This is likely due to MI192 histone and non-histone related effects.
Previously it was shown that MI192 possess slow binding kinetics compared to conventional
panHDACis (100), therefore the enhanced binding likely influenced the prolonged effects observed
in altering chromatin remodelling. Additionally, studies have reported that HDAC inhibition causes a
downregulation in the expression of HDAC enzymes, therefore potentially resulting in a more
transcriptionally permissive chromatin throughout osteogenic differentiation. The effects of M1192
on non-histone proteins possibly plays a key role in stimulating MSCs osteogenesis. The selective
inhibition of HDAC3 would alleviate its repression of the Runx2 transcription factor, therefore
increasing its transcriptional activity. Future studies could look to utilise the FRET assay to determine
the effects of MI192 in uncoupling HDAC3-Runx2 complex within these MSCs. Additionally, the
hyperacetylation induced by inhibiting HDAC enzymes have been reported to enhance the
transcriptional activity and stability of Runx2 and prevents its smurfl-mediated degradation. The
hyperacetylation observed following the pre-treatment conditions likely resulted in enhanced Runx2
activity and stability, however future work assessing the acetylation state of Runx2 following M1192
pre-treatment and during osteogenic culture would provide greater insights into this HDACis

mechanism of action.

In terms of the effects of MI1192 on the MSCs assessed, there is increasing evidence which suggests
the cells inherent basal phenotype and osteogenic potential affects the use of MI192 to stimulate
their osteogenic differentiation. The pre-treatment conditions optimised in this thesis and previously
in our group have demonstrated the dose required to stimulate the osteogenic capacity of MSCs is
heavily dependent on their osteogenic potential, with a lower MI192 concentration required to
stimulate DPSCs ALPSA compared to that used for ADSCs and BMSCs (2 uM: DPSCs, 50 pM: BMSCs
and 30 uM: ADSCs) (214).

In this thesis, it was observed that MI192 pre-treatment enhanced MSCs calcium deposition and
mineralisation, correlating with the increased osteogenic protein expression induced by MI192 pre-

treatment in both MSCs. Additionally, these results were consistent with the effects of MI192 pre-
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treatment on ADSCs mineralisation, and also with panHDACis utilised in the literature (19, 214, 286).
These findings are of great importance as calcium deposition and mineralisation are key attributes
for the development of functional bone constructs. It would be interesting to assess the effects of
MI192 pre-treatment on MSCs mineralisation during the osteogenic culture period assessed.
Together, the findings from these studies clearly demonstrate that MI1192 is capable of stimulating
MSCs differentiation into a more mature osteogenic phenotype. Importantly, when put in a clinical
context, these findings demonstrate the capability of this selective HDACi in promoting the
osteogenic capacity of MSCs acquired from three different sources, providing clinicians with broader

options for employing this epigenetic-based approach to repair patient-specific bone defects.
5.1.3 - The effects of MI1192 on MSCs osteogenic capacity in 3D culture

The objective of these studies was to investigate the effects of MI192 pre-treatment on the
osteogenic capacity of MSCs within different 3D in vitro culture systems. In the literature, limited
studies have investigated the effects of HDACi treated MSCs osteogenic differentiation within 3D
scaffold systems (209, 320). This has resulted in the lack of knowledge on how these HDACi treated
MSCs behave in a more physiologically relevant environment compared to the greater “artificial”
environment provided by 2D culture (177). The importance in validating HDACi-based therapies in
3D in vitro culture was demonstrated by de Boer et al. (2006), where the effects of NaB and TSA
on stimulating hBMSCs osteogenesis within a calcium phosphate scaffold were assessed in vivo
(74). The findings of this study were inconclusive and differed from results acquired following
2D in vitro assessment with these HDACis (74, 113, 212), emphasising the importance of
evaluating MI192 treatment within 3D in vitro culture as a pre-clinical validation step. Advances
in material science have provided biomaterials which are capable of providing a framework to help
bridge the defect space and facilitate bone regeneration. Additionally, as 3D scaffolds are known to
possess their own inherent advantages/disadvantages for bone tissue engineering, it is important to
determine the effects of MI192 pre-treated MSCs osteogenic differentiation in different scaffold
systems, providing clinicians with greater options to apply this epigenetic-based approach to repair
bone defects. Therefore, the effects of MI192 pre-treatment on hDPSCs and hBMSCs osteogenic
differentiation in different 3D in vitro models were evaluated (hDPSCs within silk scaffold and BMT
model, hBMSCs within GelMA hydrogel and BMT model). Within the respective scaffold systems, the
effects of M1192 pre-treatment on MSCs osteogenesis were assessed via ALPSA, osteoblast-related

gene expression, extracellular matrix expression and calcium deposition/mineralisation.

Initially, MI192 pre-treated hDPSCs were combined with lyophilised BM silk sponges due to their

well-established properties and proven potential for tissue engineering applications in the literature
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(169, 237). The results of this study showed that increasing silk concentration enhanced scaffold
compressive modulus while decreasing swelling and degradation rate. Silk concentration played a
significant role in enhancing the osteogenic capacity of both untreated and MI192 pre-treated
hDPSCs confirmed by ALPSA. MI192 pre-treatment increased hDPSCs ALPSA ~2-fold compared to the
untreated cells in both 2 wt% and 5 wt% scaffolds, however, ALPSA was substantially increased in
the 5 wt% scaffolds compared to the respective cells within the lower wt% group. Utilising the
higher wt% silk sponge, it was observed that the MI192 pre-treated hDPSCs exhibited increased
osteoblast-related gene expression (RUNX2, ALP, BMP2, COL1IA and OCN), extracellular matrix
protein deposition (ALP, COL1A and OCN) and calcium deposition/mineralisation within these
constructs, replicating the monolayer findings and work performed with MI1192 pre-treated ADSCs
on AM silk scaffolds (214). Paino et al. (2014) reported a similar enhancement in VPA pre-treated
hDPSCs within collagen scaffolds, although a reduction in OCN expression was observed in that study
(209), emphasising the importance of HDACi selectivity on controlling MSCs differentiation. Future

studies should investigate M1192 pre-treated cell-laden silk constructs in vivo.

It has been demonstrated in the literature that high-density environments are highly advantageous
for MSCs osteogenesis (228, 254). Culturing cells as microtissues holds great clinical potential,
however, due to their inherent lack of mechanical strength and spatial orientation to repair bone
defects, limits their translational potential. Due to advances in additive manufacturing and
biofabrication techniques in recent years, this has allowed for the reproducible creation of
biologically functional products, which combine the structural organization of living cells,
biomaterials, or hybrid cell-material constructs, through bioprinting or bioassembly (243), resulting
in closer biomimicry of the in vivo environment (244). The assembly of microtissues within a 3D
printed PEGT/PBT scaffold (BMT model) was utilised to overcome issues regarding the use of cell
aggregates for bone repair (253). The BMT model allowed for the investigation into the effects of
MI192 on hDPSCs osteogenesis in a high-density 3D culture system. The MI192 pre-treated hDPSCs
exhibited a substantially increased osteogenic gene expression (RUNX2, ALP, BMP2, COL1A and OCN)
and ALPSA within the BMT construct compared to the untreated group. Moreover, within the BMT
constructs, a greater deposition of osteogenic extracellular matrix proteins (ALP, COL1A and OCN)
and functional mineral nodules were observed in the MI192 pre-treated hDPSCs, consistent with the
monolayer results. Although these studies evaluating the effects of MI1192 on hDPSCs osteogenesis
within silk and the BMT model were not carried out at the same time, therefore not a direct
comparison between these 3D culture systems, the conclusions from these studies are clear. The

marked enhancement in the MI1192 pre-treated hDPSCs bone-like tissue formation within the BMT
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model compared to the silk scaffold is likely promoted by the high-density culture environment,

which has shown to promote MSCs osteogenic differentiation in the literature (228, 254).

High-density culture systems seemed favourable for enhancing the osteogenic capacity of HDACiI
treated BMSCs; however, this approach requires a high quantity of cells which is a potential limiting
factor for translation, particularly regarding the slow proliferation rate associated with BMSCs (153).
Due to these issues, the potential of using a hydrogel system as an alternative cell delivery vehicle to
combine HDACi treated hBMSCs at a lower cell density with a 3D printed scaffold was evaluated. The
combination of GelMA with a 3D printed scaffold will enhance the clinical feasibility of hydrogel
systems for the repair of bone defects, due to their inherent lack of mechanical strength. The
findings of this study demonstrated the creation of cell-laden GelMA microspheres of appropriate
size and shape to replace the use of microtissues within the BMT construct; therefore,
demonstrating the feasibility of utilising a hydrogel system as an alternative delivery vehicle to
incorporate cells within a 3D printed scaffold. MI192 pre-treatment promoted hBMSCs ALPSA,
osteogenic  extracellular matrix proteins (ALP, COLIA and OCN) and calcium
deposition/mineralisation within the GelMA hydrogel, consistent with the enhancement observed in
monolayer. Similarly, MI192 pre-treatment promoted the osteogenic capacity (osteogenic
extracellular matrix proteins and mineralisation) of hBMSCs encapsulated with the GelMA
hydrogel reinforced with the 3D printed PEBT/PBT scaffold, enhancing the potential clinical
application of GelMA for bone tissue engineering. These findings demonstrate the potential of
combining MI192 pre-treated hBMSCs within a 3D printed scaffold at a much-reduced cell
density compared to the use of microtissues; therefore, providing clinicians with greater options
in applying this epigenetic-based approach for bone augmentation strategies. Future studies
should investigate the assembly of MI192 pre-treated cell-laden microspheres into the 3D printed
PEGT/PBT scaffold, as this will create closer comparisons to the BMT construct. Additionally, the
effects of MI1192 pre-treatment on hBMSCs bone-like tissue formation within the GelMA hydrogel

should be assessed in the in vivo environment.

The effects of MI192 pre-treatment on hBMSCs osteogenic differentiation were additionally
evaluated within the BMT model, due to the substantial enhancement in bone-like tissue formation
observed in the hDPSCs BMT study. MI192 pre-treatment substantially enhanced hBMSCs ALPSA,
osteoblast-related gene expression (RUNX2, ALP, BMP2, COL1A and OCN), protein expression (ALP,
BMP2, COL1A and OCN) and calcium deposition/mineralisation when compared to the untreated
BMT. This increase in bone-like tissue formation induced by MI192 replicated the findings from the

hDPSCs BMT study, although a greater degree of enhancement induced by MI192 was observed in
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the hBMSC constructs. This is likely due to DPSCs exhibiting an increased osteogenic phenotype and
differentiation capacity when compared to BMSCs (298); therefore, the effects of MI192 on
stimulating osteogenesis are more prominent in the hBMSCs study. Moreover, in this study M1192
inhibited the expression of chondrogenic proteins in the hBMSC BMTs compared to untreated
constructs, indicating the capability of this HDACi in controlling the lineage-specific differentiation of
MSCs in this culture system. This is likely due to MI192 selective inhibition of the bone-associated
HDAC3 isoform (140). This correlated with work in the literature, where TSA inhibited the
chondrogenic differentiation of MSCs during chondrogenic pellet culture (340, 450). A greater
expression of GAGs was observed in the untreated hBMSCs BMT compared to the untreated hDPSCs
BMT construct, likely attributed to the increased osteogenic/decreased chondrogenic potential
DPSCs possesses compared to BMSCs (298). From the two 3D in vitro models utilised to assess
MI192 pre-treated hBMSCs osteogenesis, it is clear that the BMT model substantially increased the
formation of bone-like tissue of MI192 pre-treated hBMSCs compared to the GelMA hydrogel,
consistent with reports demonstrating the accelerated MSCs osteogenesis within high-density
environments (245). These findings correlated with those acquired in the hDPSCs chapter in this
thesis, further confirming the effective use of the BMT model in combination with MI192 pre-
treated MSCs to form more mature bone-like tissue. Although a limitation of this model is the high
cell numbers required, as minimally manipulated primary MSCs were utilised in this thesis, this
increases the number of cells, therefore enhancing the feasibility of utilising the BMT in combination

with M1192 pre-treated MSCs to create function bone-like tissue.

Together, the findings of these studies demonstrate that MI192 pre-treatment is capable of
stimulating MSCs osteogenic differentiation within different 3D systems (silk scaffold, GelMA
hydrogel and BMT model) resulting in the enhanced formation of bone-like tissue, consistent with
findings in the literature (209, 214). Additionally, these results correlated with the enhancement in
MSCs osteogenic capacity observed in the monolayer studies in this thesis. MI1192 pre-treated
hDPSCs and hBMSCs exhibited increased osteogenic differentiation within the respective scaffold
systems assessed, however a greater degree of bone-like tissue formation was observed in the BMT
model. The evaluation into the efficacy of MI192 to stimulate MSCs osteogenesis in 3D culture
systems is an important pre-clinical validation step that has been limited in the literature. These
findings build on the only study as of writing to assess the efficacy of selective HDACis for bone
tissue engineering (214). Moreover, having demonstrated the plasticity of MI192 pre-treatment in
stimulating MSCs osteogenic capacity in different scaffold environments, this provides clinicians with
greater options in applying this epigenetic-based approach depending on patient-specific

characteristics (i.e. tissue source availability, patient age, size and defect location etc). Therefore, the
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research undertaken within these 3D in vitro studies provides greater evidence into the potential

efficacy of this epigenetic-based strategy on stimulating MSCs bone formation in the clinical setting.

5.1.4 - The effects of MI1192 on MSCs bone formation in vivo

It is important to evaluate the effectiveness of HDACi-based therapies in promoting the osteogenic
capacity of MSCs in physiologically relevant conditions, as this provides superior evidence of its
potential efficacy in the clinical setting. In the literature, limited studies have investigated the
efficacy of HDACi-based therapies to stimulate MSCs osteogenesis in vivo (74, 320), with those
studies using panHDACis. Therefore, it was essential to evaluate the capability of MI192 in
stimulating MSCs bone-like tissue formation in physiologically relevant conditions. From the in vitro
studies in this thesis, MI192 pre-treatment substantially increased the osteogenic capacity of hDPSCs
and hBMSCs in the respective scaffold systems investigated; however, it was clear that the BMT
model accelerated bone-like tissue formation when compared to the lower cell density 3D systems
assessed. Therefore, the BMT model was employed to further investigate the effects of MI1192 pre-

treatment on promoting MSCs bone-like tissue formation in vivo using the diffusion chamber model.

The findings from the in vivo studies showed that MI192 pre-treatment substantially increased
bone-like tissue formation of both hDPSCs and hBMSCs BMT constructs, where a substantial
increase in extracellular matrix deposition and calcium deposition/mineralisation was observed in
the MI192 pre-treated constructs, consistent with the findings acquired in the BMT in vitro studies in
the respective MSC chapters. In comparison, the MI192 pre-treated hDPSCs BMTs exhibited more
extensive mineralisation when compared to MI1192 pre-treated hBMSCs constructs, likely attributed
to DPSCs possessing an advanced osteogenic phenotype when compared to BMSCs (298), therefore
less reliant on osteogenic induction culture. Additionally, it is important to note that the DPSC BMT
constructs possessed twice the quantity of cells compared to the BMSCs BMTs. This increased cell
density may play a significant role in promoting the osteogenic capacity of MI192 pre-treated
hDPSCs in vivo with the lack of osteogenic induction culture when compared to the hBMSCs
constructs (251, 252). When comparing the bone-like tissue formation induced by MI192 pre-
treatment within the BMT construct in vitro and in vivo, a greater degree of enhancement was
observed compared to the respective untreated controls within the in vivo constructs. This indicates
the untreated MSCs within this model were heavily reliant on osteoinductive medium to stimulate
bone-like tissue formation in vitro, resulting in the greater disparity in the bone-like tissue formation
observed between the groups in the in vivo studies. This clearly indicates that MI192 pre-treatment
in able to stimulate the osteogenic phenotype of MSCs in this model in vivo, likely due to MI192

selectivity for the bone-associated isoform HDAC3 (100, 113). These findings provide more
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substantial evidence into the potential efficacy of this epigenetic-based approach in stimulating

bone-like tissue formation in the clinical setting.

The effects of MI192 on MSCs chondrogenic protein expression during BMT in vivo implantation was
assessed, due to the favourable conditions exerted by the BMT model for chondrogenic
differentiation (253, 335). From the results of these studies, the untreated constructs in both MSCs
chapters expressed increased chondrogenic proteins (GAGs, AGG and Col2a) when compared to the
MI192 pre-treated group, indicating the capability of MI1192 pre-treatment in controlling the lineage-
specific differentiation of MSCs during BMT in vivo implantation. This is likely due to MI192 selective
inhibition of the bone-associated isoform HDAC3 (140). This differential expression of
osteogenic/chondrogenic proteins in the untreated and MI192 pre-treated groups in both MSCs may
indicate the route of bone formation within this model (endochondral or intramembranous
ossification). Future in vivo studies within more physiologically relevant pre-clinical models should
assess the effects of MI1192 pre-treatment on bone like-tissue formation at several time points such
as 4 and 8 weeks, as this would provide a better understanding of the effects of MI192 on MSCs
bone formation. The effect of MI192 treatment inhibiting MSCs chondrogenic protein expression
within the BMT constructs correlated with similar findings observed in the in vitro studies in this
thesis and in the literature where TSA inhibited the chondrogenic differentiation of MSCs (340, 450).
This further emphasises the importance of HDAC isoform selectivity, in addition to the chromatin

remodelling capabilities of HDACi compounds in directing lineage-specific differentiation of MSCs.

Together, the findings of these studies demonstrate the potential of using this epigenetic-based
approach to stimulate the osteogenic capacity of clinically relevant MSCs within the BMT model
in vivo, resulting in the enhanced formation of bone-like tissue. Currently to date, no studies
have investigated the use of selective HDACis on enhancing MSCs bone-like tissue formation in
vivo. Therefore, these findings support the need for further in vivo examination into the

potential of this epigenetic-based approach to stimulating bone repair.
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Summary

The aim of this thesis was to investigate the effects of a selective HDAC2 and 3 inhibitor - MI1192 on
the behaviour and osteogenic capacity of clinically relevant MSCs (hDPSCs and hBMSCs) as a novel
therapeutic approach for bone repair. The effects of MI192 on the general properties of MSCs such
as morphology, viability, HDAC activity, H3K9 histone acetylation and cell cycle were evaluated.
Following this, the effects of MI1192 on MSCs osteogenic differentiation were assessed via ALPSA,
osteoblast-related gene/protein expression, calcium deposition and mineralisation. These were
investigated in both 2D and 3D in vitro culture environments (hDPSCs: silk scaffold and BMT model,
hBMSCs: GelMA hydrogel and BMT model). Finally, the effects of MI192 on MSCs bone formation

were evaluated in a physiologically relevant in vivo model (diffusion chamber).
Summary of key findings:

— 2D in vitro culture

— MI192 treatment induced a time-dose dependent reduction in MSCs viability.

— MI192 halted MSCs cell cycle progression, particularly in the G,/M phase.

— MI192 treatment inhibited MSCs HDAC activity.

— MI192 enhanced MSCs histone H3K9 hyperacetylation.

— MI192 pre-treatment enhanced the ALPSA of MSCs.

—  MI192 pre-treatment upregulated MSCs mRNA expression of key osteoblast-related
genes (RUNX2, ALP, BMP2, COL1A and OCN).

— MI192 pre-treatment increased MSCs expression of key osteoblast-related proteins
(Runx2, ALP, BMP2, COL1A and OCN).

— MI192 pre-treatment enhanced MSCs mineralisation, increasing calcium deposition and
mineral nodule formation.

— 3Dinvitro culture

— Increasing silk concentration enhanced scaffold compressive modulus, while decreased
swelling and degradation rate.

— MI192 pre-treated hDPSCs exhibited enhanced osteogenic gene expression (RUNX2,
ALP, BMP2, COL1A and OCN), ALPSA, osteogenic extracellular matrix expression (ALP,
Colla and OCN) and calcium deposition/mineralisation within the lyophilised BM silk
sponges and the BMT 3D in vitro systems, however, a greater degree of bone-like tissue
formation was observed in the MI1192 pre-treated hDPSCs within the BMT model after 6

weeks in osteogenic culture.
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— Cell-laden GelMA microspheres of appropriate size/shape were fabricated using
microfluidics and a visible light polymerisation system.

— MI192 pre-treatment enhanced hBMSCs ALPSA, osteogenic extracellular matrix
expression (ALP, Colla and OCN) and calcium deposition/mineralisation within the
GelMA hydrogel (GelMA alone and GelMA-PEBT/PBT construct) and the BMT model,
however, the MI192 pre-treated hBMSCs displayed substantially increased bone-like
tissue formation within the BMT model after 6 weeks in osteogenic culture.

— 3Dinvivo culture

— MI192 pre-treated MSCs exhibited substantially enhanced osteogenic extracellular
matrix expression (Colla and OCN) and calcium deposition/mineralisation within the
BMT constructs following in vivo intraperitoneal implantation within CD1 mice.

— MI192 pre-treatment inhibited chondrogenic protein expression (GAGs, AGG and Col2a)

of MSCs within the BMT model following in vivo intraperitoneal implantation.

As discussed in this thesis, MSCs acquired from both bone marrow and dental pulp tissues
possess several advantages/disadvantages for use in bone tissue engineering applications.
BMSCs are seen as the “gold standard” MSC source for bone regeneration due to their well-
characterised properties and proven differentiation potential (352), however, they are
associated with limitations such as invasive acquisition, low procurement yield and proliferation
rate (153). DPSCs have garnered increasing interest due to the non-invasive acquisition, ease of
procurement, proliferation rate and multilineage potential (168, 209). Additionally, studies have
reported the significant potential of DPSCs for tissue engineering applications due to their ability
to be cryopreserved without affecting key MSC properties (231, 232). By assessing the effects of
MI192 on both MSC types, this demonstrates the considerable utility of this epigenetic approach
to enhance MSCs osteogenic capacity for bone augmentation strategies. Additionally, when
comparing the effects of MI192 on the general and osteogenic properties of DPSCs and BMSCs
(Table 5.1), it is clear that MI192 is capable of effectively altering both MSCs epigenetic
functionality, resulting in enhancing osteogenic differentiation. However, from the findings
presented in this thesis, it was observed that DPSCs are more sensitive to MI192 induced
alterations to epigenetic functionality, which resulted in greater enhancements in osteogenic
differentiation when compared to BMSCs. This is likely due to the inherent differences in the
MSC types and their osteogenic potential. Together, these findings demonstrate the
considerable utility of utilising DPSCs in combination with MI192 for bone augmentation

strategies.
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Table 5.1 - Summary of the effects of MI192 on the general and osteogenic properties of DPSCs

and BMSCs in this thesis.

Effects of MI192 on:

DPSCs

BMSCs

2D culture

Reduced metabolic
activity

Decreased DNA content

Halt cell cycle progression

Reduced HDAC activity

Enhanced H3K9 histone
acetylation

Increased ALPSA

Enhanced calcium

>20,5,1uM for 24, 48, 72 hrs,
respectively.

25,1, 1uM for 24, 48, 72 hrs,
respectively.

> S, G;M phase
< Go/G1phase

>1 uM for 24 and 48 hrs (>3.4-
and 4.1-fold)

>1 uM 48 hrs (1.38-fold)

2 1M 48 hrs pre-treatment
(2.2-fold)

> 20, 10, 1 uM for 24, 48, 72 hrs,
respectively.

> 10, 10, 1 uM for 24, 48, 72 hrs,
respectively.

> G,M phase
< S phase

>1 uM for 24 and 48 hrs (>2.1-
and 2.23-fold)

>20 uM 48 hrs (1.28-fold)

50 uM 48 hrs pre-treatment
(1.4-fold)

. >4.75-fold >1.4-fold

deposition
3D culture

Silk: 1.93-fold GelMA: 1.32-fold
Increased ALPSA

BMT: 2.35-fold BMT: 2.3-fold
Enhanced calcium .

Silk: 1.73-fold GelMA: 1.3-fold

deposition
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5.2 - Conclusion

In conclusion, the research presented in this thesis aims to investigate the effects of the novel
selective HDAC2 and 3 inhibitor - MI192 on the behaviour and osteogenic capacity of clinically
relevant MSCs (hDPSCs and hBMSCs), to enhance their efficacy for bone augmentation strategies. In
2D culture, MI192 caused a reduction in the viability of MSCs, while additionally halting cell cycle
progression in the G,/M phase. MI192 treatment altered the epigenetic functionality of treated
MSCs, via altering HDAC activity resulting in enhanced histone H3K9 acetylation. MI192 pre-
treatment enhanced the osteogenic gene/protein expression and ALPSA in both MSCs assessed.
Moreover, substantial enhancement in calcium deposition and mineralisation was also observed in
the MI192 pre-treated MSCs. In 3D in vitro culture, MI192 pre-treated hDPSCs exhibited increased
osteogenic gene expression, protein deposition, ALPSA and mineralisation within the lyophilised BM
silk scaffold and the BMT model, however, a greater degree of bone-like tissue formation was
observed in the BMT model. A similar increase in hBMSCs ALPSA, osteogenic protein deposition and
mineralisation was induced by MI192 pre-treatment within the GeIMA hydrogel (GelMA alone and
GelMA-PEBT/PBT construct) and the BMT model, however, the MI192 pre-treated hBMSCs within
the BMT model exhibited substantially increased bone-like tissue formation. Following in vivo
implantation, the MI192 pre-treated MSCs within the BMT model exhibited increased bone-like
tissue formation, while inhibiting chondrogenic protein expression. Together, the research
presented in this thesis provides greater evidence into the potential of utilising this epigenetic-based

approach to enhance the efficacy of MSCs for bone augmentation strategies.
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5.3 - Future work

The work undertaken in this thesis demonstrated the potential of MI1192 to stimulate the osteogenic
capacity of clinically relevant MSCs in 2D and 3D in vitro and in vivo, however, future work should
look to further elucidate the exact mechanism in which MI192 stimulates MSCs osteogenic
differentiation, in particular, its effects on the HDAC3-Runx2 complex. As mentioned in the general
discussion, the effect of MI192 on both chromatin conformation and HDAC3 repression likely has a
significant role in initiating differentiation in the MSCs assessed, therefore investigating the impact
of each mechanism in different MSCs may provide greater mechanistic knowledge of how this HDACi
behaves. Additionally, it would be interesting to assess the effects of MI192 treatment on
up/downregulating key signalling pathways associated with osteogenic differentiation, enhancing

the mechanistic knowledge into the behaviour of this HDACi within MSCs.

It would be interesting to investigate the effects of M1192 on MSCs chondrogenic differentiation, to
confirm the lineage-specific specificity of this HDACis as indicated from the research presented in

this thesis and previous studies with ADSCs (214).

Having demonstrated that M1192 caused a reduction in cell viability and halted the cell cycle possibly
due to HDAC induced DNA damage, it would be interesting to further explore how MI192 induces
cell death within these MSCs. Assessment of DNA fragmentation, stress markers and cytokines could

provide indications of the pathways induced by MI1192 treatment.

As stated in the general discussion, hDPSCs and hBMSCs were acquired from three and two different
donors, respectively. Evaluating the efficacy of this inhibitor on a greater number and diversity of
donors (sex, age etc) would provide a superior clinical representation of the potential patients this

novel therapeutic approach would be targeted for.

Having assessed the effects of MI192 treatment on MSCs BMT in vivo bone formation within
diffusion chambers, further evaluation within more physiologically relevant in vivo models such as
subcutaneous implantation and critical-sized (calvarial and long bone) defects should be undertaken.
This will provide a more thorough investigation into the ability of MI192 to promote MSCs bone
formation within a more physiologically relevant condition, including the influence of host cell
interactions, vascularisation and mechanical loading on MI192 treated MSCs bone formation. If
conclusions acquired form these in vivo studies are that MI192 improves bone healing, this would
provide more concrete evidence of the potential effectiveness of this epigenetic-based strategy in
the clinical setting. Additionally, it would be interesting to investigate the effects of MI192 in

stimulating MSCs bone like-tissue formation in vivo with the GelMA hydrogel and/or the silk scaffold.
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Although it was demonstrated that MI192 pre-treatment enhanced hBMSCs osteogenic capacity
within GelMA hydrogel (GelMA alone and GelMA-PEGT/PBT construct), the fabrication of cell-laden
microspheres for assembly within the 3D printed scaffold could not be undertaken due to lack of
appropriate equipment in Leeds. Due to this, the casting of the 3D printed scaffold within the cell-
laden GelMA was employed as an alternative approach, thereby recreating the BMT model at a
much-reduced cell density. With access to appropriate microfluidic and microsphere devices, the
effects of MI192 pre-treatment on MSCs bone-like tissue formation should be assessed within cell-
laden hydrogel microspheres assembled within the 3D printed scaffold, as this provides a closer

comparison to the BMT model.

Within the BMT and GelMA studies in this thesis, the PEGT/PBT composite scaffolds were utilised as
they have been well established by the collaborators of this research project for load-bearing tissues
and fabrication optimised to hold incorporated microtissues/hydrogel microspheres. The primary
function of the 3D printed scaffold utilised in this thesis was to control the spatial orientation of
tissue modules, allowing for the investigation of MI1192 pre-treated MSCs differentiation within low
and high-density models (GelMA and microtissues). Therefore, it would be interesting for future
studies to investigate the use of alternative scaffolds materials which possess either stronger
mechanical characteristics and/or inherent osteoinductive properties which has the potential to
further promote the osteogenic differentiation of incorporated MSCs. If scaffolds possessing these
inherent osteoinductive properties are utilised, this may reduce or eliminate the in vitro osteogenic
culture period utilised for M1192 pre-treated MSCs in this thesis, therefore enhancing the time and
cost-effectiveness of these epigenetic-based therapies. Similarly, combining MI192 pre-treated
MSCs within osteoinductive hydrogels may be beneficial for bone formation. Together, these
approaches may be valuable in promoting MI192 pre-treated MSCs bone-like tissue formation

during in vivo implantation.

Since the development of MI192, a plethora of other HDACi compounds has been created which
may possess greater efficacy in stimulating MSCs osteogenic differentiation. Particularly, the use of a
HDACS3 selective HDACis should be evaluated in terms of its ability to reduce potential side-effects

and further increase the osteogenic capacity of MSCs compared to MI192.

In recent years, there has been growing research utilising epigenetic approaches for tissue
engineering applications, with an increasing number of studies investigating the potential of
microRNA (miRNA)-based therapies for bone tissue engineering (451, 452). These studies have
demonstrated that miRNAs are easily combined within scaffolds systems and do not induce adverse

side-effects. However, issues remain in terms of the therapeutic dosages as these miRNAs are easily
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degraded (453). Similarly, as HDACis are known to affect acetylation resulting in increased
transcriptional activity of the chromatin, these compounds are associated with side-effects such as
cytotoxicity. The combination of this with HAT compounds may further enhance the transcriptional
permissiveness of the chromatin, while potentially reducing HDACi induced side-effects. Therefore,
future work could look to evaluate the potential of combining different epigenetic approaches
(miRNAs, HATs and HDACIis) which could eliminate the potential limitations of each approach and

increase the stimulation of MSCs osteogenic differentiation.

It would be interesting to investigate the trophic properties of MSCs such as their
immunomodulatory capability and the role in which MI192 affects this to ultimately enhance the

therapeutic potential of the cells.

Having demonstrated that MI192 pre-treatment in monolayer was capable of promoting MSCs
osteogenesis, the effects of combining this HDACi within a scaffold system for implantation would be
an interesting advancement of this HDACi-based therapy. The development of an acellular HDACi-
instructive biomaterial possesses a high translational potential as it overcomes many of the
limitation associated with the cell-based approaches (i.e. regulatory, ethical and cost issues). Lee et
al. (2011) reported the potential of this approach by soaking collagen scaffolds with Largazole and
demonstrating repair of critical-sized calvarial defects (215). Although this approach seems ideal, the
controlled exposure of HDACis to MSCs is known to be important from the literature and in this
thesis. Therefore, approaches which can control the release profile of this inhibitor from the scaffold
in vivo would potentially reduce possible side-effects and enhance MSCs differentiation potential,
ultimately enhancing the therapeutic potential of HDACi-based therapies for bone augmentation

strategies.

Finally, the commercialisation potential of MI192 would need to be explored. As it has been
demonstrated that MI192 promotes the osteogenic potential of MSCs from three different tissue
sources, MI192 could be sold as a pre-treatment medium to be utilised prior to the induction of
differentiation with osteogenic medium. Additionally, MSCs could be pre-treated with MI192 then
frozen and stored, ready to be sold as a source of MSCs with enhanced osteogenic potential. For
these potential commercialisation routes for MI192 to be explored, full characterisation of the

MI192 treated MSCs and protocol standardisation needs to be undertaken, to meet regulations.
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Appendix A - Supplementary data
A1l - Comparison of MI192 pre-treatment on hDPSCs ALPSA from three donors

To evaluate donor variability, hDPSCs were acquired from three donors (Table A1), and the effect of
MI192 pre-treatment on ALPSA was assessed after 2 weeks osteogenic culture (Fig A1). In all donors,
untreated cells in osteogenic medium exhibited a significantly higher ALPSA compared to untreated
cells in basal conditions (P = 0.01 - 0.001). After MI1192 pre-treatment for 48 hours (1, 2 and 5 uM), 2
UM MI192 significantly increased ALPSA compared to the 1 uM group and the osteogenic control in
all donors (P = 0.01 - 0.001). In all three donors, 5 UM MI192 decreased ALPSA compared to the 2
UM, although not significantly (P > 0.05). Within donor 1, 1 uM MI192 significantly increased ALPSA
compared to the osteogenic control (P > 0.01), while 5 uM pre-treatment significantly enhanced

ALPSA compared to that in the 1 uM group in both donor 1 and 2 (P = 0.01).
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Figure Al - ALPSA of hDPSCs from three different donors pre-treated with/without MI192. Cells
pre-treated with MI192 (1, 2 and 5 uM) for 48 hours, following culture in osteogenic medium for 2
weeks, with untreated cells cultured in basal and osteogenic medium used as the controls. Data
expressed as mean + SD (n=3). Significance levels shown are the test groups compared to the
basal/osteogenic control or between adjacent MI192 concentrations for that time point. **P < 0.01

and ***P <0.001.
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A2 - Comparison of MI1192 pre-treatment on hBMSCs ALPSA from two donors

The effects of MI192 pre-treatment on hBMSCs ALPSA from two different donors (Table Al) were
evaluated after 2 weeks osteogenic culture (Fig A2). In both donors, untreated cells exhibited
significantly increased ALPSA when compared to the same cells in basal conditions (P > 0.001).
MI192 pre-treatment with 50 uM MI192 for 48 hours significantly enhanced ALPSA when compared
to the other M1192 pre-treatment conditions assessed (30 and 70 uM) and the untreated osteogenic

control (P >0.001).
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Figure A2 - ALPSA of hBMSCs from two different donors pre-treated with/without MI192. Cells
pre-treated with MI192 (30, 50 and 70 uM) for 48 hours, following culture in osteogenic medium for
2 weeks, with untreated cells cultured in basal and osteogenic medium used as the controls. Data
expressed as mean + SD (n=3). Significance levels shown are the test groups compared to the
basal/osteogenic control or between adjacent MI1192 concentrations for that time point. ***P <

0.001.
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Table Al - Donor information for hDPSCs and hBMSCs utilised in this thesis.

Donor Donor age/sex

hDPSCs

1 13/F

2 25/M

3 35/M
hBMSCs

1 33/M

2 41/M

A3 - Confirmation of multi-lineage differentiation potential of hDPSCs

Tri-lineage differentiation of hDPSCs is shown in Figure A3. Positive calcium accumulation was
observed in the hDPSCs cultured osteogenic induction medium following Alizarin red staining. No

calcium accumulation staining was observed in the negative control cultured in the basal medium.

Adipogenic differentiation potential was determined via Oil red O staining. Positive lipid droplets
accumulation was observed in hDPSCs cultured in adipogenic induction medium for 14 days. The

hDPSCs cultured in basal medium exhibited negative staining for lipid droplet accumulation.

Chondrogenic potential of hBMSCs was assessed via Picrosirius red/Alcian blue staining. Positive
GAG accumulation was observed in hDPSC pellets cultured in chondrogenic induction medium for 21
days. The negative control group exhibited weaker Alcian blue staining for GAGs while exhibiting
increased staining for Picrosirius red (collagens) when compared to the positive induction culture

control.
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Figure A3 - Multi-lineage potential of hDPSCs. Osteogenic differentiation: Positive calcium
accumulation was observed after 28 days cultured in osteogenic medium confirmed by Alizarin Red
staining (Scale bar = 75 um); Adipogenic differentiation: lipid droplet formation was observed in
hDPSCs after 14 days culture in adipogenic induction medium after Qil red O staining (Scale bar = 75
um); Chondrogenic differentiation: hDPSCs were capable of forming cartilage like pellets after 21
days cultured as pellets in chondrogenic induction medium, stained blue for GAGs (Alcian blue

staining) and red for collagen (Picrosirius red staining). Scale bar = 20 um.
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A4 - Confirmation of multi-lineage differentiation potential of hBMSCs

Figure A4 shows the tri-lineage differentiation of hBMSCs. Following 28 days culture in osteogenic
induction medium, hBMSCs were capable of differentiation down the osteogenic lineage confirmed
by positive calcium accumulation staining. Within the negative control, hBMSCs cultured in basal

medium exhibited no staining for calcium accumulation.

Following 14 days of culture in adipogenic induction medium, positive accumulation of lipid droplets
were observed in hBMSCs following Oil red O staining. The hBMSCs cultured in basal medium

exhibited no positive staining for lipid droplet accumulation.

Positive Alcian blue staining for GAG accumulation was observed in the hBMSC pellets cultured in
chondrogenic induction medium. GAG staining was at a greater intensity and more globally
expressed through the pellet compared to hBMSC pellets cultured in basal medium. Additionally, the
negative group possessed enhanced staining for Picrosirius red throughout the pellet compared to

the group cultured in chondrogenic inductive medium.
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Figure A4 - Multi-lineage potential of hBMSCs. Osteogenic differentiation: Positive calcium
accumulation was observed after 28 days cultured in osteogenic medium confirmed by Alizarin Red
staining; Adipogenic differentiation: lipid droplet formation was observed in hBMSCs after 14 days
culture in adipogenic induction medium after Oil red O staining (Scale bar = 50 um); Chondrogenic
differentiation: hBMSCs were capable of forming cartilage like pellets after 21 days cultured as
pellets in chondrogenic induction medium, stained blue for GAGs (Alcian blue staining) and red for

collagen (Picrosirius red staining). Scale bar = 20 um.
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A5 - Viability of floating cell/debris induced by M1192 treatment on hBMSCs

To determine whether the increased quantity of floating cells/debris observed within the M1192
treatment groups was viable, the metabolic activity of those floating cells/debris were assessed via
Alamarblue assay (Fig A5). Following treatment with/without MI192 for 24, 48 and 72 hours, the
treatment medium was collected along with the floating cell/debris and AlamarBlue was added to
assess the metabolic activity of unattached cells. Figure A5 shows that the metabolic activity was
significantly lower in all MI192 treated groups when compared to the untreated cells in there
respectively time points (P > 0.05 - 0.01).

90 -~
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70 -+
60 -+
50 -+

40 -

30 A

Cell Viability
Fluorescent Measurement

20 4

10 A

24 hours 48 hours 72 hours

M Basal ®m1pM m10puM 20uM m50pM = 100pM

Figure A5 - AlamarBlue analysis of supernatant acquired from hBMSCs treated with/without
MI192 (1, 10, 20, 50, 100 uM) for 24, 48 and 72 hours. Data expressed as mean = SD (n=3).
Significance levels shown are the sample compared to the basal control for that time point. *P < 0.05

and **P <0.01.
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