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ABSTRACT

Ameloblastoma, the most clinically significant odontogenic epithelial tumour, is a
locally-invasive and destructive lesion in the jawbones. Stromal cells as key contributors
to the tumour microenvironment have a prominent role in tumour growth, progression
and the spread of tumours. Therefore, the reciprocal parenchymal-stromal interactions in
the milieu of the tumour microenvironment are inevitably capable of addressing the ill-
understood nature of the infiltrativeness and destructive behaviour of ameloblastoma.
Objective: An in vitro three-dimensional (3D) ameloblastoma tumour-osteoblast co-
culture model was established to elucidate the effect of heterotypic cell interactions on
tumour growth and morphological characteristics of tumour cell. Materials and
Methods: Stromal cell line, ST2 cells, pre-osteoblastic cell line, KUSA/A1 cells and
osteoblastic cell line, MC3T3-EL1 cells were separately co-seeded with the ameloblastoma
tumour cell line, AM-1 in collagen gel incubated with mineralization medium. Results:
AM-1/KUSA-AL co-culture showed a heterogeneous cell population with two distinct
morphologies: elongated spindle-shaped vimentin-positive cells with long anastomosing
cytoplasmic processes interspersed and encircled cytokeratin-positive round cell which
organized into nest-like aggregates. Both round cell with nest-like structures and
elongated spindle-shaped cells in co-culture strongly expressed RANK, mildly for
RANKL and OPG. 14-day-old KUSA/A1 monocultures shown evidence of intense
extracellular matrix mineralization as confirmed by intense Alizarin Red S staining. In
contrast, KUSA/AL cells in the AM co-culture shown reduced Alizarin Red S staining
revealed diminished calcification. Furthermore, 3D AM co-cultures showed a significant
increase in AM-1 cell count compared to their monoculture counterparts, and formation
of visible AM-1 epithelial nest-like structures resembling ameloblastoma cells in their
native state. Conclusion: The in vitro 3D co-culture system as established in the present

study provided some insights into the biological behaviour of enigmatic amelobastoma



disease. Present in vitro findings suggest that, bidirectional ameloblastoma-osteoblastic
interactions might play an important role in modulating tumour growth and local bone

metabolism.

Keywords: co-culture system, ameloblast, pre-osteoblast, ameloblastoma modelling



ABSTRAK

Ameloblastoma, tumor epitelium odontogenik yang paling umum secara Klinikal,
merupakan lesi invasif setempat dan lesi destruktif yang didapati di tulang rahang. Sel
stromal sebagai penyumbang penting kepada mikroalam sekitar tumor mempunyai
peranan yang penting dalam pertumbuhan tumor, perkembangan dan penyebaran tumor.
Oleh itu, interaksi antara parenkima-stromal dalam mikroalam sekitar diyakini untuk
menangani sifat menyusup dan kelakuan pemusnah penyakit ameloblastoma. Objektif:
Model in vitro tiga-dimensi (3D) tumor ameloblastoma-osteoblast yang ditubuhkan untuk
menjelaskan kesan interaksi sel heterotip pada pertumbuhan tumor dan ciri-ciri morfologi
sel tumor. Bahan dan Kaedah: Sel stromal, sel ST2, sel pra-osteoblastik, sel KUSA/A1L,
dan sel osteoblastik, sel MC3T3-E1 bersandarkan dengan sel-sel tumor ameloblastoma,
AM-1 secara berasingan dalam gel kolagen dan diinkubasi dengan medium mineralisasi.
Keputusan: Ko-kultivar AM-1/KUSA-A1 menunjukkan kemunculan satu populasi sel
yang heterogen dengan dua morfologi yang berbeza: sel-sel vimentin-positif yang
berbentuk gelendong memanjang dengan proses sitoplasmik anastomosis yang panjang,
didapati berselerak dan mengelilingi sekitar sel-sel cytokeratin-positif yang berbentuk
bulat telah diorganisasikan menjadi agregat yang seperti sarang. Kedua-dua sel yang
berbentuk bulat dan menpunyai struktur seperti sarang serta sel yang berbentuk
gelendong memanjang dalam ko-kultivar mengungkapkan RANK secara kuat, tetapi
mengungkapkan RANKL and OPG secara sedikit. Sel-sel KUSA/A1 dalam mono-
kultivar selama 14 hari menunjukkan bukti pemineralan matriks ekstrasel yang
beramatan, seperti yang disahkan oleh pewarnaan Alizarin Red S yang beramatan.
Sebaliknya, sel-sel KUSA/Al1 dalam ko-kultivar AM-1/KUSA/AL1 ditunjukkan
pengurangan pewarnaan Alizarin Red S mendedahkan kekurangan pengkalsiuman.
Tambahan pula, kultivar 3D AM menunjukkan peningkatan ketara dalam jumlah

bilangan sel AM-1 berbanding dengan sel AM-1 dalam monokultur, disertai



pembentukan struktur seperti sarang epithelium AM-1 yang kelihatan menyerupai sel
ameloblastoma dalam keadaan asalnya. Kesimpulan: Sistem ko-kultur in vitro 3D seperti
yang ditubuhkan dalam kajian ini memberikan pemahaman tentang sifat dan kelakuan
biologi penyakit amelobastoma. Penemuan dalam in vitro kajian ini mencadangkan
bahawa, interaksi dua hala ameloblastoma-osteoblastik mungkin memainkan peranan

yang penting dalam memodulasi pertumbuhan tumor dan metabolisme tulang setempat.

Kata kunci: system ko-kultur, ameloblas, pra-osteoblas, pemodelan ameloblastoma
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CHAPTER 1: INTRODUCTION

1.1 General Introduction

Ameloblastoma, the most clinically significant odontogenic neoplasm arising from the
odontogenic epithelium of putative enamel organ origin. Although clinically benign, it is
characterized by slow but persistent growth, locally invasive and infiltrative lesion with
a high risk of recurrence in the jawbones. It accounts for 11% to 18% of all odontogenic
tumours and with a marked predilection for the posterior mandible. Ameloblastoma
exhibits an almost equal gender predilection and occurs over a wide age range, with a
peak incidence in young adults in their 30s and 40s. It typically causes no symptoms until
a visible painless swelling or expansion of the jaw emerges, causing facial asymmetry.
They are classified into four clinicopathologic subtypes: ameloblastoma, unicystic
ameloblastoma and extraosseous/peripheral ameloblastoma according to the 2017 World

Health Organization Classification of Head and Neck Tumours.

Given the relative rarity of this disease, to date, little is known about the aetiology and
molecular underpinnings the infiltrativeness and osseo-destructive behavior of
ameloblastoma, and its subsequent progression. This hinders the development of widely
accepted novel non-invasive therapies for the management of ameloblastoma. Moreover,
the molecular pathogenesis in ameloblastoma, including those involved in tumour
growth, and its interactions with stromal cells in the tumour microenvironment for the
subsequent bone invasion remains ill-understood. has seen the accelerating

implementation of 3D cell cultures.

The in vitro three-dimensional (3D) cell culture model has gained significant
popularity in the last ten years and has seen the accelerating implementation of this model
in cancer research to model the hallmark behaviour of tumour cells in promoting tumour

growth and the subsequent metastasis. Cells propagated in 3D model bridges the gap
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between cellular physiology and the in vitro cell culture system. Consequently, an in vitro
model that better represents ameloblastoma and its microenvironment is vital in
elucidating the molecular signalling and mechanisms mediating the growth and

invasiveness of ameloblastoma within the bone.

It has become widely recognized that the stroma plays a prominent role in tumour
growth and progression. In addition, the tumour-stroma interactions have a significant
impact on prognosis and therapeutic responses. In ameloblastomas, the stroma-tumour
interaction is achieved through the interplay of biological molecules that acting in both
autocrine and paracrine manner not only responsible for the AM tumour growth and
invasion, but also enhanced bone resorption and suppression of new bone formation in
the jaw. Emerging evidence has suggested the direct role of fibroblastic cells on tumour
growth in bone-invasive lesions. The tumour-fibroblast interaction has been shown to
play an important role in providing a favourable microenvironment for tumour-induced
osteoclast formation at the tumour-bone interface, and the subsequent tumour-associated
bone destruction. However, tumour-fibroblast interactions and their subsequent role in
the infiltrativeness and invasiveness nature of ameloblastoma, resulting in the

dysregulation of bone remodelling have not yet been reported.

1.2 General Aims

Ameloblastoma is a benign odontogenic epithelial tumour of the jawbones. However,
it demonstrated a propensity for local invasion with high risk of recurrence. Therefore,
further refine the understanding of the disease both clinically and molecularly is
imperative to address the challenging survival prognosis of ameloblastoma, particularly

of those with ill-defined radiographic boundary.
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Stroma is widely recognized as a key contributor which can profoundly enhance
tumour progression and metastasis, and impacting on the therapeutic responses (Celli,
2012). In recent cancer research, efforts have increasingly focussed on in vitro 3D models
including metastatic bone models to better understand tumour-stromal interactions (Luis-
Ravelo et al., 2011; Kim & Othmer, 2013; Fong et al., 2016; Liu et al., 2016; Wendler et
al., 2016). However, parenchyma-osteoblast interactions and their potential role in
regulating tumoral growth and local invasiveness in ameloblastoma are less appreciated,
with fewer in vitro studies have investigated on the role of tumour-stromal interactions

on tumour properties and its dynamics in ameloblastoma.

Consequently, an in vitro 3D model that better represents ameloblastoma and the jaw
microenvironment in ameloblastoma disease plays a prominent role in elucidating the
molecular signalling and mechanisms mediating the infiltrative nature and destructive
behaviour of ameloblastoma. Therefore, the aim of the present study was to explore a
potential in vitro 3D co-culture system to stimulate an ameloblastoma disease model to
investigate the effects of heterotypic cell-cell interactions on tumoral growth and bone
turnover interactions. The rationale was to gain some insights into the cellular dynamics

of this enigmatic neoplasm.

1.3 Objectives
The objectives of this study were as follows:
i) To investigate the heterotypic interactions between two distinct cell
populations in the in vitro 3D co-culture system for ameloblastoma disease
i) To identify in vitro 3D co-culture model that best reflects the tumour-stromal
interactions in ameloblastoma
iii) To assess the biological significance of the heterotypic cell-cell interactions on

the biological behaviour of cultured cells
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CHAPTER 2: LITERATURE REVIEW

2.1 Odontogenic tumours

Odontogenic tumours (OTs) as coined by Broca in 1869, represent a spectrum of
lesions ranging from jaw cysts and benign neoplasms to malignant tumours with
metastatic potential and high risk of recurrence; derived from the dental remnants such as
epithelium and/or mesenchymal elements of the tooth-forming apparatus (Vered et al.,
2017). These tumours, are therefore found within the maxillofacial skeleton or soft tissue
overlying the tooth-bearing areas or alveolar mucosa in edentulous regions. OTs are
uncommon and rare tumours that may generate at any stage in the life of an individual,
but it can pose a significant diagnostic, and therapeutic challenge due to the lack of
distinct phenotypic and molecular features, and an unclear pathogenesis of the tumours.
In general, OTs derived from the more primitive dental structures are thought to be more
aggressive and vice versa (Pogrel et al., 2006). The biological behaviour and the
histological pattern of the lesions are essential in the classification, diagnosis and
prognosis of these lesions (Philipsen et al., 2005). Basically, OTs are classified based on
their behaviour dividing into: benign, malignant and non-neoplastic. Benign tumours are
then subdivided based on the types of odontogenic tissues involved: lesions composed
mainly of epithelium, mesenchyme and those composed of mixed epithelium and

mesenchyme.
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Table 2.1: WHO classification 2017 of odontogenic tumours.

Malignant odontogenic tumours

Benign odontogenic tumours

Odontogenic cysts

Odontogenic carcinomas:

Ameloblastic carcinoma
Primary intraosseous carcinoma
Sclerosing odontogenic
carcinoma

Clear cell odontogenic
carcinoma

Ghost cell odontogenic
carcinoma

Odontogenic sarcomas:

Odontogenic carcinosarcoma
Odontogenic sarcomas

Epithelial odontogenic tumours:

e Ameloblastoma
» Ameloblastoma, unicystic

type
» Ameloblastoma,

extraosseous/ peripheral type

» Metastasizing
ameloblastoma*

e Sqguamous odontogenic
tumour

e Calcifying epithelial
odontogenic tumour

e Adenomatoid odontogenic
tumour

Mesenchymal odontogenic tumours:

Odontogenic fibroma
Odontogenic
myxoma/myxofibroma
Cementoblastoma
Cemento-ossifying fibroma

Mixed epithelial and mesenchymal
odontogenic tumours:

Ameloblastic fiboroma
Primordial odontogenic tumour
Odontoma

» Odontoma, compound type
» Odontoma, complex type
Dentinogenic ghost cell tumour

Inflammatory origin:

e Radicular cyst
e Inflammatory collateral cysts

Developmental origin:

e Dentigerous cyst

e Odontogenic keratocyst
Lateral periodontal and
botryoid odontogenic cyst
Gingival cyst

Glandular odontogenic cyst
Calcifying odontogenic cyst
Orthokeratinised odontogenic
cyst

* Metastasizing ameloblastoma is an ameloblastoma that metastasize despite its benign histological appearance.
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211 Epidemiology

The relative frequency of odontogenic tumours diverges in different countries due to
the geographic and ethnic diversity. Many studies in different region of the world have
shown distinct frequency in the relative prevalence of these tumours. Among the studies
reported, ameloblastoma was the most frequent odontogenic tumours as reported by Luo
and Li (2009) (37%) in Chinese, Adebayo et al. (2005) (48%) in Nigerian, Nalabolu et
al. (2017) (49%) in Indian and highest in African region (80%) (Johnson et al., 2014).
Most of the reports agreed that benign OTs are the most frequently seen OT compared to
malignant OTs (Ladeinde et al., 2005). Notably, males were commonly inflicted than
females, with no significant association between different types of OT (Nalabolu et al.,
2017). The discrepancy of the peak age incidences of these lesions was observed and OTs
are generally shown a predilection for the mandible, specifically posterior mandible
(Santos Tde et al., 2014; Nalabolu et al., 2017). In Malaysia, the epidemiological studies
on OTs are scarce. However, the retrospective studies conducted by Nurhayu Ab Rahman
(2014) revealed that 13% of the oral cavity lesions among Malaysian were odontogenic

origin and ameloblastoma is the most prevalent lesion reported within the 12-year period.

2.1.2 Aetiopathogenesis

The exact aetiopathogenesis of odontogenic tumours is unfamiliar with no known
specific predisposing factors, although several studies have reported the existence of
molecular alterations in the induction of growth and development of odontogenic tumours
(Sandros et al., 1991; Fukumoto et al., 2004; Kumamoto & Ooya, 2005). The majority of
the odontogenic tumours are seemingly to arise de novo or from the pre-existing lesions
without an apparent causative factor. However, the dysregulation of several genes
involved in normal tooth development and key genes such as oncogenes, tumour

suppressor genes, genes repair DNA, cell cycle regulator genes and apoptotic genes,
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might perform an important part in the development and continued growth of the tumours

of the tooth-forming apparatus.

2.1.3 Management: Diagnosis and treatment

The pre-operative differential diagnosis of odontogenic lesions highly aids in the
treatment plan and thus survival outcome. Most cases of the odontogenic lesions are
asymptomatic, and the diagnosis of odontogenic lesions is achieved by imaging
modalities, including intraoral and extraoral imaging. The radiograms of the lesions often
appeared radiolucent to radiopaque because it generally composed of soft and hard
tissues. The intraoral imaging is usually the first means to identify the presence of an
intrabony lesion, with panoramic imaging as the diagnostic protocol; extraoral cross-
sectional imaging such as CT and MRI are required for the topography and the fine

structure of the lesion.

The available treatment of the odontogenic lesions remains controversial. Treatments
of most odontogenic lesions are generally classified as conservative or aggressive.
Conservative treatment includes simple enucleation, with or without curettage,
decompression, or marsupialisation. Aggressive treatment generally includes
hemimandibulectomy, peripheral ostectomy, chemical curettage with Carnoy’s solution,
liquid nitrogen cryotherapy, electrocautery and resection, segmental resection or marginal
resection (Guler et al., 2012). However, the choice of treatment modality is based on
numerous factors, including patient age, history of previous treatment, soft tissue

involvement, size, localization and histological variant of the lesion.

2.2 Ameloblastoma
Ameloblastoma or frequently known as solid/multicystic ameloblastoma, is an
expansible, locally aggressive but a histologically benign intraosseous progressively

growing epithelial odontogenic neoplasm, virtually with no metastatic potential. It
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represents the most common of all central and peripheral odontogenic tumours (such as
peripheral odontogenic fibroma, peripheral calcifying odontogenic cyst, peripheral
ameloblastoma, and peripheral calcifying epithelial odontogenic tumour), although it has
an estimated annual incidence of only 0.5 cases per million population (Larsson &
Almeren, 1978). The vast majority of ameloblastomas, approximately 80%, are
developed in the mandible, frequently in the posterior region, followed by anterior
mandible, posterior maxilla, and anterior maxilla, may involve the associated root
resorption and unerupted teeth. Ameloblastoma has a strong tendency for local
recurrence, especially after conservative treatment if it is not adequately removed. It
occurs over a wide age range with a peak incidence in the fourth to fifth decades of life
and generally with equal incidence in men and women (Reichart et al., 1995). Clinically,
ameloblastoma often presents as an otherwise asymptomatic painless swelling of the jaw.
Radiographically, ameloblastoma commonly present as unilocular or multilocular “soap
bubble-like” corticated radiolucency with or without hyperostotic borders that may result

in a honeycomb appearance.

2.2.1 Epidemiology

The aetiology of ameloblastoma is unknown. However, mutations in genes that belong
to the MAPK pathway, including of K-Ras, FGFR2 and tumour suppressor genes (e.g.
p53 and MDM2) have been reported in almost 90% of all ameloblastomas (Garg et al.,
2015). In addition, oncoviruses such as HPV and EBV also showed their participation in
42% and 48% of ameloblastoma lesions respectively (Sand et al., 2000; Ayoub et al.,
2011). Based on a retrospective study of ameloblastoma, it is noted that ameloblastoma
forms 1% of all tumours and cyst of the jaws, and the relative frequency of ameloblastoma
in relation to odontogenic tumours is ranged between 11 — 92%, ranked as the most
frequent odontogenic tumour in some parts of the world, including Africa, Hong Kong,

China and Turkey (Wu & Chan, 1985; Gunhan et al., 1990; Reichart et al., 1995; Arotiba
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etal., 1997; Lu et al., 1998). In Malaysia, ameloblastoma formed 1.1% of all oral lesions
and 12.4% of all odontogenic tumours and cysts cases as reported (Ramanathan et al.,
1982; Siar & Ng, 1993). The racial differences in the distribution of ameloblastomas are
observed among various ethnic groups in Malaysia, with Malays accounting for 47.6%,

Chinese 34.8%, Indians 7.0% and other races 10.6% (Siar et al., 2012).

2.2.2 Histopathology

Ameloblastomas are histopathologically grouped into follicular, plexiform,
acanthomatous, granular, basaloid and desmoplastic type (Angadi, 2011). The most
common type is follicular type, which resembles the epithelial component of the enamel
organ, populated by peripheral basal cells and stellate reticulum within a fibrous stroma;
the peripheral cells are columnar to cuboidal shapes, with hyperchromatic nuclei and
palisaded with reverse polarity, and central core is occupied by loosely arranged angular
stellate reticulum-like cells. The plexiform type ameloblastoma is the second most
common type, composed of anastomosing strands of ameloblastomatous epithelium with
an inconspicuous stellate reticulum and cyst-like stromal degeneration. Other histological
types like acanthomatous is composed of squamous epithelium in the centre and variable
keratinization of stellate reticulum-like cells, granular type is composed of granular
eosinophilic cytoplasm that often located within the stellate reticulum-like cells and
basaloid type is the least common type, composed of peripheral rim of cuboidal
hyperchromatic epithelial cells without the presence of centre stellate reticulum-like cells
in the centre of the nest. The desmoplastic ameloblastoma consists of flattened or cuboidal
rather than tall columnar peripheral cells with central spindle-shaped cells and densely
collagenous stroma. Often, admixed histopathological types are found in ameloblastoma,

and the lesion is commonly classified based on the predominant pattern.
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2.2.3 Clinicopathologic classification
2.2.3.1 Unicystic type

Unicystic ameloblastoma (UAM) is a variant of intraosseous ameloblastoma,
accounting for 5% — 22% of all ameloblastomas (Reichart et al., 1995). UAM is present
as a single cystic cavity that may be accompanied by luminal proliferation and mutation
in BRAF is the most common site of mutation in UAM to date. The unicystic variant
occurs at a younger age, peaked at the second decade of life. UAM may associate with an
impacted tooth and generally shows a slight male preponderance; however, UAM not
associated with an impacted tooth shows a minor female predilection. UAMs are often
located in the mandibular third molar area and ascending ramus. UAMs can also be found
in the posterior maxilla, inter-radicular and edentulous areas. Radiographically, it
presents as an expansive unilocular radiolucency with a well-demarcated border may
involve an unerupted tooth, root resorption, or cortical perforation. In Malaysia, UAMSs
represent about 28% of ameloblastomas and mostly affected Malay ethnic group with no
gender predilection, peaked at the first and second decades of life and often located in the

posterior mandible (Siar et al., 2012).

UAMs are histopathologically grouped into luminal, intraluminal and mural type. The
luminal type UAM is a simple cyst lined by ameloblastomatous epithelium, composed of
cuboidal or columnar basal cells with hyperchromatic nuclei and nuclear palisading with
polarization, overlying with loosely arranged stellate reticulum-like cells. The
intraluminal type is characterized by the intraluminal proliferation of ameloblastic
epithelium, often in a plexiform pattern. Hence, intraluminal UAM is sometimes referred
to as the plexiform unicystic ameloblastoma. The mural type is the most aggressive
subtype, involved mural extension of the ameloblastomatous epithelium into the cystic

wall.
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UAM is a relatively benign cyst-like odontogenic tumour exhibited a better response
to conservative treatment with a lower recurrence rate. Accordingly, initial treatment of
UAM often consists of conservative treatments such as enucleation, especially in younger
populations due to its lower devastating impacts on patients. UAMs require long-term
follow-up due to its extended recurrence period with recurrence rate of 30.5% after
enucleation, much higher than resection with a recurrence rate of 3.6% after treatment
(Lau & Samman, 2006). Therefore, the further treatment of UAM is determined by the
pattern and extent of ameloblastomatous proliferation. Among the subtypes of UAM,
mural type has the highest recurrence rate of 35.7% and therefore resection just as the
conventional AM or other more radical modalities should be given; whilst luminal and
intraluminal type have a relatively lower recurrence rate of 6.7% and may be justified by

conservative management (Li et al., 2002).

2.2.3.2 Extraosseous/peripheral type

Extraosseous ameloblastoma is an extremely rare variant accounting for 0.6%
ameloblastomas in Malaysia (Siar et al., 2012). Histologically, this lesion is defined as
an ameloblastoma develops in the gingiva, or occasionally from other extraosseous sites
including the alveolar areas. The extraosseous type peaked at fifth to seventh decades of
life with a slight male preponderance. The most common location of extraosseous type is
the soft tissues in the mandibular retromolar area and maxillary tuberosity. Generally,
extraosseous type lacks the locally aggressive nature of central tumours and does not
infiltrate the underlying bone, but it may infiltrate into the surrounding tissues, mostly the
gingival connective tissue (Gardner & Corio, 1984). The actual histogenesis of
extraosseous AM still remains controversial. Basically, it is suggested to derived from
remnants of the dental lamina, odontogenic remnants of the vestibular lamina or the
pluripotent cells from the minor salivary glands and in the basal cell layer of the mucosal

epithelium (Isomura et al., 2009). In the majority of the cases, extraosseous type usually
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shows no radiological evidence of bone involvement, but a superficial bone erosion or
bony depression (cupping or saucerization) of the underlying periosteum may be detected

at surgery.

Microscopically, extraosseous AM involved the ameloblastic growth of nests of
loosely connected stellate reticulum-like cells, surrounded by a layer of columnar cells
with well-polarized nuclei within a squamous epithelial layer, resemblances the
intraosseous ameloblastoma. The growth is usually presented as a sessile or pedunculated
and exophytic lesion with a smooth, granular or warty surfaced solid mass of cells, with

the presence of minute cystic spaces within the masses (VVanoven et al., 2008).

The non-aggressive nature of extraosseous ameloblastoma and low recurrence rate of
9% as reported by Lin et al. (1987). The recurrence of this type is rare, but since it often
produces a shallow depression in the underlying bone, rather than infiltration,
conservative removal such as local surgical excision with proper disease-free margins is
usually the common curative treatment management and accompanied with a long-term

follow-up (Pogrel & Montes, 2009).

2.3 Bone remodelling

Bone is a mineralized connective tissue that composed of multiple cell types and a
calcified extracellular organic matrix. It is a highly dynamic tissue with a capacity for
continuous remodelling, coordinated by a group of specialized cell types in a cycle known
as bone remodelling. The two principal cell types, osteoblast, and osteoclast are the major
effectors in the turnover of bone matrix. Bone remodelling is a finely balanced cycle
operates continually, involved the bone breakdown and bone synthesis simultaneously,
widely known as the coupling of bone resorption and bone formation. The bone

remodelling process comprises of three sequential phases: the initiation of bone
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resorption by activated osteoclasts, the transition period from bone resorption to new bone

formation, and bone formation by osteoblasts (Meghj et al., 1998).

Activated osteoclast

Lining cells
i Bone Bone
Osteoblasts Reverse cells

<<= @

Bone

Figure 2.1:Bone remodelling cycle.

Schematic representation of the continual bone remodelling process: starting from the
initiation and orchestration of activated osteoclasts and regulated by coupled crosstalk
between osteoblasts and osteoclasts.

Figure adapted from Del Fattore et al., 2012.

231 Bone resorption

Bone resorption is a process involves the removal of mineral and organic components
of the bone extracellular matrix by the activity of osteolytic cells, of which the osteoclast
plays the most important role. The process is regulated by local and/or systemic
regulatory systems, involves the recruitment of mononuclear osteoclast precursors to the
bone surface, osteoclast differentiation and activation by cell-to-cell interaction between
osteoclast and osteoblast at the surface of the mineralized bone, and ultimately the activity
of the functional osteoclasts that work in concert to remove both mineral and organic
components of the bone matrix through the action of protease enzymes. The activated

osteoclasts also dissolve the bone mineral by lowering the pH of their microenvironment,
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achieved by actively transport protons into the extracellular space through ion channels
on their cell membrane (Meghj et al., 1998). Bone resorption process is governed by the
locally controlled autoregulatory mechanism. The paracrine and autocrine chemical
signalling factors that released during resorption further inhibit the resorption via negative
feedback control system, suppresses the osteoclast formation and stimulates

osteoblastogenesis, and therefore the lifespan of osteoclast is presumably 8 — 10 days.

2.3.2 Bone formation

The formation of new bone by mononuclear osteoblasts, mediated by both local and
systemic factors, essential for the maintenance of bone mass and bone strength. Generally,
the process involves three basic steps: attraction and deposition of osteoprogenitor cells
to the resorbed surface, differentiation of osteoprogenitor cells into mature osteoblasts,
and the synthesis of new collagenous organic matrix and regulation of matrix
mineralization by mature osteoblasts, leading to new bone deposition. The bone
extracellular matrix that synthesized and secreted by osteoblasts consisting of collagenous
proteins, primarily type | collagen (90%), the non-collagenous proteins, including
osteonectin, proteoglycans, osteopontin, osteocalcin, bone sialoprotein I, bone
morphogenetic proteins (BMPs) and matrix GLA protein, alkaline phosphatase, and
growth-regulatory factors. After the completion of bone formation, approximately 50%
to 70% of osteoblasts undergo apoptosis. In the secreted bone matrix, the remaining
osteoblasts are known as bone lining cells, retained the ability to dedifferentiate into
osteoblasts upon stimulation, or become osteocytes, which represent the terminally
differentiated osteoblast that maintain connection with bone surface lining cells,
osteoblasts and other osteocytes via their gap junctions between cytoplasmic processes

extending from the cell body, to support bone homeostasis.
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2.3.3 Mediators of bone remodelling

Bone remodelling is controlled by both local and systemic factors. The highly dynamic
mechanism is mediated by the interplay of local factors, like growth factors, cytokines
and prostaglandins expressed by bone cells that act in a paracrine or autocrine manner;
systemic factors include PTH, calcitonin, androgens, and oestrogens. These factors are
the central player in this mechanism and so it is important for the maintenance of bone
homeostasis. The local factors expressed by osteoblastic cells, for instance, M-CSF alone
is inadequate for the differentiation of osteoclast precursors into mature osteoclasts.
RANKL/RANK/OPG signalling system, perhaps the most completely described
molecular mechanism that plays a crucial role in osteoclastogenesis (Boyce & Xing,
2007b; Kohli & Kohli, 2011). RANKL, receptor activator of NF-«xB ligand, also known
as osteoprotegerin ligand (OPGL), function in homotrimer form and may express as a
membrane adhered molecule on the cell surface (MRANKL) or soluble molecule
(SRANKL). The expression of RANKL by bone marrow stromal cells, activated T
lymphocytes, osteoblasts, chondrocytes, osteocytes, and thymocytes is triggered upon the
stimulation of systemic factors, including PTH, PTHrP, vitamin D3, IL-1, TNFa, and
PGE2. RANKL is recognized as the osteoclast master regulator cytokine, plays a pivotal
role in the regulation of osteoclastogenesis, essential in the development of osteoclasts
under the complex interplay with M-CSF (Boyce & Xing, 2007a). Osteoclastogenesis is
a multistep process triggered by prolonged stimulation with RANKL. This strictly
regulated RANKL-induced osteoclastogenesis is comprised of several stages including
progenitor survival, differentiation to mononuclear pre-osteoclasts, cell fusion to
multinucleated mature osteoclasts, and activation to bone resorbing osteoclasts. In fact,
RANKUL exhibits a dual antagonistic effect on osteoclastogenesis, depends on the receptor
interacted, RANK or OPG. RANK, receptor activator of NF-«B is expressed on the

surface of chondrocytes, dendritic cells, osteoclast progenitor cells and mature
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osteoclasts. In the context of bone remodelling, RANK-RANKL interaction stimulates
the initiation of both osteoclastogenesis and activation of osteoclasts. On the other hand,
OPG that produced by a wide range of cells, such as bone marrow stromal cells, follicular
dendritic cells and osteoblasts, acts as a soluble decoy to prevent the binding of RANK
to RANKL and, consequently inhibits the recruitment, proliferation, and activation of
osteoclasts. Conclusively, the RANKL/RANK/OPG system is essential for the osteoclast
differentiation directed by osteoblasts, and the balance of RANK-RANKL and OPG-

RANKL play the most important role in the bone homeostasis.
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Figure 2.2: RANKL/RANK/OPG signalling mechanism for bone remodelling.

The interaction between SRANKL or mRANKL with membrane-bound RANK on the
surface of osteoclast progenitor cells or mature osteoclasts triggers activation of
osteoclast and the subsequent bone resorption. In contrast, OPG acts as a decoy receptor
for RANKL, having an inhibitory effect on osteoclastogenesis.

Figure adapted from Richards et al., 2012.

2.34 Dysregulation of bone remodelling in ameloblastoma

Bone remodelling is an adaptive mechanism supported by the coordinated action of
bone-forming osteoblasts and bone-resorbing osteoclasts, responsible for the
maintenance of bone integrity and homeostasis. The importance of RANK/RANKL/OPG

system as the determinant of equilibrium between bone resorption and bone formation is
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well established. Recent molecular investigations and reviews supported that, the
disruption of RANK/RANKL/OPG signal transduction pathway enhanced the osteoclast
formation and activation, thereby accelerates bone resorption as seen in a wide range of
bone lesion, including bone metastases (Chuang et al., 2009). This trimolecular pathway
formed the basis of the bone remodelling of ameloblastoma via the disruption of
RANKL/OPG ratio (Qian & Huang, 2010). Also, the interactions between stromal and
tumour cells have a subsequent role in tumour progression, local invasiveness and bone
resorption in ameloblastoma. A study conducted by Kayamori et al. (2010) revealed that,
IL-6 was expressed by both stromal and tumour cells at the tumour-bone interface and its
role in inducing osteoclastogenesis through the activation of RANKL. Besides, the
expression of bone-resorbing factors, such as cytokines and growth factors, acting in both
autocrine and/or paracrine manner also responsible for cancer-associated bone resorption.
Collaboratively, the upregulation of RANKL expression by osteoblasts leads to the
subsequent uncoupled bone remodelling and ultimately causes bone destruction in

ameloblastoma disease.

2.4 In vitro 3D cell culture model

The ability of the three-dimensional (3D) cell culture model to support the growth of
a single type of cells or co-culture of multiple cell types and maintaining its normal shape
and structure into a 3D spheroids or aggregates as their in vivo counterparts have received
much attention from scientists. 3D cultured cells are generally grown on scaffold/matrix,
within a scaffold/matrix or even in a scaffold-free manner (Edmondson et al., 2014). Due
to the nature of the 3D models, cell attachment could occurs around the entire cell
membrane surface, allowed the cultured cells embedded in the extracellular matrix
(ECM) to have an opportunity for cellular contact in a complex 3D fashion (Baker &
Chen, 2012). This setting of 3D culture system may be critical in the establishment of

cell-to-cell and cell-to-ECM interactions, organizing communication among adjacent
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cells and their microenvironment as achieved in the in vivo state, important for an in vivo-
like structural organization and a more precise depiction of cell polarization (Edmondson
et al., 2014; Antoni et al., 2015). The artificial responses and reduced stress in cell
adaptation to the flat, two-dimensional (2D) growth surface enabling a more suitable and
natural environment for optimal cell growth, cell differentiation and cell function can
significantly alter their ECM proteins expression and morphological changes that leads
to subsequent impairment on cellular functions and metabolism (Zhang et al., 2005;

Knight & Przyborski, 2014).

An emerging evidence suggests that the 3D-cultured cells have improved
physiological relevant morphology, and cell-to-cell contact, which is not present in 2D
cultures (Vinci et al., 2012). Cells cultured 3D also show characteristics in terms of
cellular heterogeneity, mass transport and complex cell-matrix interaction more closely
related to their in vivo counterparts (Khaitan et al., 2006; Lin & Chang, 2008). In addition,
gene expression analysis, microRNA and metabolic profiles of cells grown in 3D model
indicated that, genotypes of 3D-cultured cells are significantly more relevant to the in
vivo state, as compared to the genotypes of cell grown in conventional 2D cultures
(Edmondson et al., 2014). It is worth mentioning that 3D models serve as an ideal in vitro
model that allowed the co-culture of multiple types of cells to more closely recapitulate
the natural in vivo environment. Such 3D multicellular system is useful for the study of
the roles of cell-cell interactions, particularly the interactions between stromal cells and
tumour cells in the tumour microenvironment (Wang et al., 2010). In addition, 3D models
exhibited a greater stability than 2D monolayer culture and thus, cells cultured in 3D
models have a relatively stable and longer lifespan of at least up to 4 weeks (Antoni et
al., 2015). Taken together, these findings embark on the physiological relevance of 3D
model, providing greater support for cell complexity and functionality of varying degrees

as in the native environment. Hence, the model is capable of bridging the gap between in
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vitro and in vivo conditions, potentially acts as a promising alternative towards the
traditional 2D cell culture system with more reflective cellular responses against drug

treatments as of in vivo conditions.

24.1 Application of 3D cell culture model

3D cell culture system has been used extensively in studying of hallmarks of cancer,
basically referred to the biological capabilities that acquired during the multistep
development of tumours (Fischbach et al., 2009; Truong et al., 2016; Klimkiewicz et al.,
2017). However, in vitro culture of tumour cells in the scientifically-rigorous 3D culture
system with customized microenvironments are genuinely better mimic the cells growing

within the living tumours.

Chantravekin and Koontongkaew (2014) have established in vitro 3D co-culture
model for head and neck squamous cell carcinoma (HNSCC), harbouring HNSCC cell
lines (HN4 and HN12) and ameloblastoma-associated fibroblasts (AAFs) or gingival
fibroblasts (GFs). The model provided a valuable tool to investigate the role of tumour
stroma in the ameloblastoma biology. By using the established 3D co-culture model, both
AAFs and GFs have shown a tendency to stimulate tumour cell growth. However, the
difference in TGF-P expression suggested AAFs have a higher tendency to stimulate the
proliferation and induce invasion of tumour cells. Moreover, lung cancer cells cultured in
the in vitro 3D laminin-rich ECM models developed by Cichon et al. (2012) have
displayed an observable development of multicellular structures that reflective of the
phenotypic alterations controlling of the cancer cell malignancy. These outcomes have
further embarked on the importance of cell-ECM interactions in cellular function. 3D cell
culture system is a promising model being employed in many areas of biological research,
especially a representative in vitro model for the study of cancer-relevant patterns of
cellular processes due to the physiological relevance of the model. It was found that

HepG2 liver cells culture in 3D models by Bokhari et al. (2007) exhibits a greater viability
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and structural integrity. Thus, 3D-cultured HepG2 liver cells are less susceptible to
cytotoxin-induced cell death even at a high concentration in comparison to their in vitro
2D counterparts. HepG2 cells occupied a 3D environment exhibit a normal metabolic
activity and capable of interact with adjacent cells to maximize their surface area as in
the natural cellular environment. In addition, the nature of 3D models allowed Harma et
al. (2010) to monitor and modulation of invasive processes of prostate cancer cells in
such organotypic environment, including the growth modes, migration, and invasion of

cancer cells.

At present, 3D models of the normal oral mucosa are well established. The use of 3D
in vitro oral mucosa models constructed with a dysplastic and/or malignant cell line have
extensively adapted by researchers to recapitulate of the in vivo oral dysplasia and oral
cancer. Eriksson et al. (2016) cultured the AM-1 construct and the bone-like construct
composed of human osteosarcoma (HOS) cells in a joined collagen construct using an
acellular support gel to assess the cell-cell interactions. The constructed 3D in vitro co-
culture model shown the migration of AM-1 cells through the bone-like part of the
construct in the presence of HOS cells. These results suggested the role of stromal cells
as key contributors to the tumour microenvironment and promotes the invasive properties
of AM-1 cells. In AM co-cultures, the reciprocal interaction between HOS and AM-1
cells strongly impact on the local invasiveness of AM-1 cells through bone. The presence
HOS cells in the microenvironment upregulates the expression of RANKL in AM-1 cells,
in turn, AM-1 cells downregulated the OPG and NF-kB expression of bone-like construct.
Collectively, interactions between these cells lead to the increased rate of bone resorption.
Besides, Duong et al. (2005) cultured oral squamous carcinoma cells (OSCC) in 3D
fashion to model the invasiveness of OSCC cells. In the established 3D model, OSCC
cells were seeded atop of a layer of connective tissue containing oral mucosa fibroblasts,

separated by a reconstituted basement membrane. Such setting of 3D models allowed the
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demonstration of the invasion of OSCC cells into the connective tissue stroma through
the underlying basement membrane. The in vitro model allows the investigation of the
mechanisms associated with the invasive OSCC cells migration in varying culture
conditions and treatments at different time intervals. In essence, these studies embrace
the potentials of 3D model in narrowing the gap between cellular physiology and in vitro
cell culture systems, and the physiological relevance of the model potentially arise as an
excellent in vitro model system to accurately recapitulate of the in vivo

microenvironment.

2.4.2 Challenges of 3D model

The biological nature of the scaffold/matrix used in the scaffold/matrix-based 3D
culture systems is the major technical challenge of the system. Of the scaffold/matrix, 3D
models that use matrices of animal origin components encountered difficulties during the
implementation of the model for clinical work. Matrices originated from tissues such as
basement membrane extracts potentially contain unknown intracellular contaminants or
undesired components, including growth factors and viruses. Hence, the utilization of
these matrices into 3D fibrous networks for cell culture is having a major effect on the
matrix architecture and the corresponding growth and development of the cultured cells.
In addition, the application of cell-adhesive matrix further complicated the handling of
the 3D model. The in vitro cell-matrix attachment has limits the utility of such model, in
particular, difficulty in effectively removing adhering cultured cells in the matrix and thus
this model still presents challenges in developing assays and obtain fast, automated assay
readouts from these more complex assays (Fawcett, 2013). Generally, collagen hydrogels
and Matrigel are the bio-scaffold often used in 3D cultures. However, the viscosity and
density of these scaffolds have direct implications on their functionality during
biomedical applications. Hence, extra care must be taken when handling these hydrogels

to enable effective cell manipulation and cell attachment, assuring the cell viability in the
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3D culture system. In particular, the concentration of the hydrogel has a remarkable
influence on the porosity and pore distribution of the scaffold. In essence, the choice of
hydrogel as scaffold for 3D model, taking into the consideration of the concentration and
exposed surface area of the scaffold, significantly affect the architecture of the generated
ECM, determine the distribution and penetration of cells within the scaffold volume.
The culture conditions, such as temperature and pH are vital for the functional and
effectiveness of cell cultures in the in vitro 3D hydrogel and must be very carefully
controlled to create an ideal environment for the cultured cells. Therefore, the
reproducibility and consistency between sets of experiments are the major issues in
culturing cells in 3D model. Besides, the increased size and tortuosity of the in vitro 3D
scaffold undoubtedly lead to the difficulty in cell extraction from the bio-scaffold for
analysis. Moreover, the construction of 3D cell construct can be very complicated and
laborious due to the requisition of many different components. In addition, the imaging
of 3D model can be difficult in accordance with the size of the 3D scaffold and
transparency of material used. The assays currently available for the investigation of
cellular responses to drug interactions, including cell-to-cell and cell-to-matrix
interactions, cell migration and dose-dependent cell viability are not optimized for the
increasingly sophisticated 3D models. Conclusively, these technical difficulties and also
the post-culturing processing embarking on the user-unfriendly nature of the 3D model
(Antoni et al., 2015). Therefore, a universal standardized model with systematic
optimization and characterization is highly necessary to specifically prepared 3D culture
model in order to fully utilize the benefits of the model in most of the experimental

approaches, which ultimately facilitates the development of various biological research.

2.5 Immortalized cell lines
It has been well-documented that primary cells reach replicative senescence after a

limited number of cell divisions (Stewart & Weinberg, 2002). Therefore, immortalized
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cells are often used in research in place of primary cells. In addition, immortal cell lines
also easy to use and bypass the ethical concerns on the use of animal and human tissues,
providing a pure population of cells possess functional features and phenotype as close
to the primary cells. In the mid-twentieth century, a vast collection of immortalized cells
was blossomed, especially after the establishment of the HelLa, a first mammalian cell

line in 1951.

Primary cells are not capable of extended proliferation due to telomeres shortening
after rounds of proliferation. Primary cells can be manipulated in several methods to
circumvent senescence of cells and thus immortalizing cells. Viral genes, such as simian
virus 40 (SV40) T antigen was used to induce immortalization of mouse Sertoli cell line
(MSC-1) (Peschon et al., 1992). The over-expression of telomerase reverse transcriptase
protein, stimulated by SV40 is able to maintain a sufficient telomere length to avoid
replicative senescence of cells (Lundberg et al., 2000; Fridman & Tainsky, 2008).
Likewise, the over-expression of oncogenes, such as Ras or Myc T58A and inactivation
of tumour suppressor genes, such as p53 and Rb have also found to be able to achieve

immortalization of some primary cell types (Lundberg et al., 2000; Sears et al., 2000).

25.1 AM-1 cell line

Ameloblastoma-1, AM-1 cell line was established from a mural, plexiform-type
ameloblastoma tissue of a 20-year-old woman. Briefly, Harada et al. (1998) produced an
immortalized AM-1 cell line by transfection with human papillomavirus type-16 using
plasmid pMHPV16d as a vector. Cultures of AM-1 cell grew slowly and composed of
closed packed small and polygonal cells, showing morphological and histochemical
resemblances to in situ ameloblastoma and those in primary cultures. This cell line
maintains epithelial cell morphology and expresses cytokeratins K8, K14, K18, and K19
but a weak expression of vimentin and negative expression of enamel proteins.

Furthermore, the product of bcl-2 gene, a protein product which prevents apoptosis of the
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cell, is consistently expressed. The established AM-1 cells grew in a monolayer over foci
of collagen degradation as evidenced by the formation of a pronounced depression on the
surface of the collagen gel and could invade the collagen gel at such sites, gave rise to

long processes or duct-like structures at their perimeters that penetrated the gel.

252 KUSA/AL cell line

Umezawa et al. (1992) immortalized bone marrow stromal cells of female C3H/He
mice by transfection with a plasmid containing middle T antigen (MTAQ) gene from
tumour-inducing polyomavirus. The monoclonal cell populations were isolated from
clones of transfected stromal cell lines by limiting dilution and continuous passage.
Following that, among the mesenchymal progenitor cell lines (KUMs) identified, only
KUSA cells exhibited osteoblastic properties and fibroblastic appearance with flat,
elongated spindle-shaped. From in vivo cell mass of KUSA cells, independent sublines
KUSA/A1, KUSA/M1, KUSA/D, KUSA/H1 and KUSA/O were isolated and established.
However, KUSA/AL is the only sub-clone possessed the most remarkable osteogenic
ability both in vivo and in vitro, with rapid mineralization and marked calcium deposition
in inducing condition. Interestingly, high ALP activity was detected in KUSA/AL cell in
both inducing and non-inducing conditions even before mineralization. These findings
augmented that KUSA/AL cell has a unidirectional potential for osteogenesis. Differential
expression of osteogenic markers served as the indicator of the stage of osteogenesis. In
the context of KUSA/AL cell, it showed osteocalcin expression in both inducing and non-
inducing conditions after confluency. Whilst, osteopontin expression is upregulated only
in the inducing condition indicates the stage of KUSA/A1 differentiation in vitro

(Kawashima et al., 2005).

253 ST2 cell line
The stromal cell line, ST2 is derived from bone marrow culture of BC8 mice in

accordance with the method as described by Whitlock et al. (1987). Generally, ST2 cells
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have characteristics of preadipocytes and none of the osteoblastic phenotype in standard
cultures. ST2 was found to developed characteristics of typical osteoblast, including
ALPase activity, expression of osteoblastic differentiation marker proteins such as
osteocalcin, and the formation of mineralized nodules under the induction of ascorbic
acid, suggested the significance of ascorbic acid for the osteoblastic differentiation of ST2
(Otsuka et al., 1999). Ascorbic acid-induced ALPase activity and also enhanced the
calcium deposition of ST2 cells in a dose-dependent manner. On the other hand, -
glycerophosphate was found not involved in the activation of ALPase activity in ST2
cells although it has been reported to increase the expression of ALPase in osteoblastic
cells. However, BMPs were able to induce the differentiation of ST2 cells into osteoblast-
like cells in the absence of ascorbic acid, as evidenced by the enhanced dose-dependent
ALPase activity of ST2 cells with the induction of exogenous BMP-2. In addition, BMP-
2 and ascorbic acid synergistically enhanced the ALPase activity in ST2 cells, emphasizes
the presence ascorbic acid in promotes the efficiency of the BMP system, further embark

on the importance of ascorbic acid in osteoblastic differentiation of ST2 cells.

254 MC3T3-EL1 cell line

The osteoblastic cell line, MC3T3-E1 developed by Kodama et al. (1981). was
established via independent sub-culturing of the calvaria cultures of newborn C57BL/6
mice on a rigid 3T3 sub-culturing schedule and selected based on high alkaline phosphate
(ALP) activity in the resting state. Several clones with ALP activity were initially isolated
but MC3T3-E1 was amongst the clones that found to possess the highest ALP activity.
These cells exhibited fibroblast-like morphology and have the capacity to deposit
collagenous extracellular matrix and differentiation into osteoblast- and osteocyte-like
cells, expressing osteoblastic phenotypes such as ALPase activity and osteocalcin
expression, demonstrated to form calcified tissue in vitro similarly to their in vivo

counterparts under the induction of ascorbic acid.
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2.6 Cellular biomarkers

Hulka (1990) first defined biomarkers as cellular, biochemical or molecular alterations
that are measurable in biological media such as human tissues, cells or fluids. In 2001,
the definition has been broadened to include biological characteristics that can be
objectively measured and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacological responses to a therapeutic intervention, agreed
by the Biomarkers Definitions Working Group (Naylor, 2003). The application of
biomarkers is especially well-known in the diagnosis and management of cancer (Easton
et al., 1995; Locker et al., 2006; Allegra et al., 2009). It is based on the quantitative or
qualitative alteration of biomarkers that expressed by tumour cells or normal host cells
may be due to the cause or effect of the malignant process. The spectrum of biochemical
tumour markers as reported is very wide, classified based on their origin, structure,

biological function or relationship to the event in tumour growth or formation.

2.6.1 Epithelial marker, cytokeratin

Cytokeratin (CK), a highly cell type-specific intermediate filament (IF), which
represent the most abundant proteins in epithelial cells. They are multigene family of
proteins, make up the largest subgroup of IF proteins that differ in their distribution in
different types of epithelia. Two types of cytokeratins are distinguished that form
heterodimers, namely acidic type | (CK 9-23) and basic type Il (CK 1-8) cytokeratins.
Depending on their expression pattern, cytokeratin serves to distinguish different
epithelial cells and hence it also a valuable adjunct in the diagnosis and classification of
tumour cells. The pattern of cytokeratin expression in OTs helps in the elucidation of
histogenesis and biologic behaviour of the tumour. Virtually, the differential expression
of cytokeratins in ameloblastomas enable it to differentiate them from other odontogenic

neoplasms (Yoon et al., 2011; Pal et al., 2013). In general, the expression of cytokeratins
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in ameloblastomas, although their expression may vary in some subtypes has reiterates

their odontogenic epithelial origin.

2.6.2 Mesenchymal marker, vimentin

Vimentin is a widely expressed and highly conserved type Il intermediate filament
protein. Vimentin is often expressed in undifferentiated and proliferative cells of
mesenchymal origin and thus, it is frequently used as a mesenchymal marker and also as
an epithelial-mesenchymal transition (EMT) marker. Interestingly, vimentin is expressed
in a cell type- and developmental stage-specific manner (Tapscott et al., 1981). Lian et
al. (2009) reported the high expression of vimentin in immature osteoblasts and a low
level in fully differentiated osteoblasts, which represents the decreased of vimentin

expression over time during the course of osteoblastic differentiation.

2.6.3 Osteoblastic markers
2.6.3.1 Osteocalcin

Osteocalcin, a major non-collagenous protein component of bone ECM that
synthesized and secreted exclusively by fully functional and differentiated osteoblastic
cells. Therefore, osteocalcin is often a late stage marker of osteoblasts differentiation and
identified as a specific marker of osteoblast function that concomitantly with
mineralization. In addition, osteocalcin as the osteoblast-related proteins also used as a
non-invasive biochemical marker of bone formation and at least in part, reflects the bone

turnover that exhibited clinical significance within-subject variability.

2.6.3.2 Osteopontin

Osteopontin, a secreted phosphorylated glycoprotein first identified in osteoblasts in
year 1986. Osteopontin is a multifunctional protein that exists both as a soluble cytokine
and non-collagenous component of the bone matrix. Osteopontin mediates diverse

biological functions, also involves in osteoclast differentiation and the osteoblast
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recruitment and function (Rittling et al., 1998). In addition, osteopontin is highly
expressed in bone by both osteoblasts and osteoclasts, functions in the osteoclast
migration to the sites of bone resorption, and thus, it has been implicated as a crucial
factor in bone turnover for balance bone homeostasis (Chellaiah et al., 2003).
Interestingly, osteopontin expression peaks twice during osteoblast growth, once in the
proliferation phase and then again in the later stage of osteoblast differentiation (Aubin,
2001). Therefore, osteopontin can be used as osteoblast differentiation marker and the
selective expression of osteopontin allows the evaluation of the differentiation state of

osteoblastic cells.

2.6.3.3 Bone sialoprotein

Bone sialoprotein (BSP), an early marker of osteoblast differentiation, is an acidic,
non-collagenous glycoprotein abundantly expressed in the bone extracellular matrix. BSP
is expressed in several cell types that associated with mineralized tissues, but it is mainly
expressed in abundance by osteoblasts. The actual role of BSP still remains unknown;
however, several studies suggested the role of BSP in the development of mineralized
tissue (Chen et al., 1992; Chen et al., 1994). Gordon et al. (2007) demonstrated the role
of BSP in aiding osteoblast differentiation by directly modulating the activity and
expression of osteoblast-associated factors and maintaining the osteoblast phenotype of

fully functional and differentiated osteoblasts.

2.7 Histologic examination

The histologic examination involves the microscopic study of cell and tissue
specimens under a microscope, either electron or light microscope. Various methods are
used to study the characteristics and microscopic structures of the cells of a tissue and the
examination is made possible with the aid of histological staining. Histological staining
Is a series of technique processes in the preparation of specimen, generally involves five
key stages: fixation, processing, embedding, sectioning and staining using histological
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stains. Histological staining is an aid in the microscopic study because it is significant in
highlighting the important features of the tissue or cells and to flag nucleic acids, proteins
and other biological components of a cell, enhancing the tissue contrast (Alturkistani et
al., 2016). In more recent, various multiple staining methods, such as differential staining,
double staining or the multiple staining are used in some other cases to enhance the

effectiveness of the staining process.

2.7.1 Hematoxylin and Eosin staining

Hematoxylin and eosin, or the H&E stain is the most frequently used combination of
stains as far back as the 1870s. H&E staining is the standard histology stain for a typical
tissue section. Hematoxylin is a basic dye that binds to acidic structures such as nuclei
acids, give rise to nuclei of cells a blue-purple stain. On the other hand, eosin binds to
basic structures of the cell, such as cytoplasm and the surrounding matrix giving it a
varying degree of pinkish staining. H&E staining has the capability to reveal the structural
information of a cell or tissue with specific functional implications. However, H&E
staining is insufficient to provide all the diagnostic answers required because not all
features of a cell or tissue can be provided, and special stains or advanced staining

techniques are necessary (Martina et al., 2011).

2.7.2 Alizarin Red S staining

Alizarin Red S (ARS), an anthraquinone dye, has been widely used to identify calcium
deposits in tissue sections or cell cultures. It reacts with calcium and forms a birefringent
Alizarin Red S-calcium complex in a chelation process. The versatility of ARS staining
making it to be possible to extracted from the stained cells and readily assayed. The ARS
staining is not strictly specific for calcium and interference of other minerals such as
magnesium, barium, strontium, and iron may be occurred. However, elements other than
calcium usually occur in finite concentration and thus hardly to interfere with the staining

for calcium deposition (Puchtler et al., 1969).
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2.8 Immunohistochemistry

Immunohistochemistry (IHC) introduced in the 1930s is a multistep technique, aimed
to detect the presence of a target antigen in tissue specimen with a specific antibody
tagged with a visible label for visualization. IHC is frequently used for disease diagnosis,
drug development and biological research. The detection of the presence of specific
biomarkers with IHC able to identify the cell origin and cell type and the efficacy of test
drug. Antibody-mediated antigen detection approaches are separated into direct and
indirect methods, both using antibodies for the detection of the target antigen. However,
the selection of the suitable method largely depends on the level of target antigen

expression, availability and desired readout.

2.8.1 Direct method

In direct detection method, the primary antibody is directly conjugated to a
fluorophore-labelled and so it is reacting directly with the antigens of interest in the tissue
sections. Direct detection is straightforward and less time-consuming, allows immediate
visualization of highly expressed targeted antigens since only one antibody is utilized. On
the downside, the direct method is usually insensitive and lack the ability amplify weak

signals (Chen et al., 2010).

2.8.2 Indirect method

The indirect method utilizes an unlabelled primary antibody to detect the presence of
the antigen of interest in the tissue, and a secondary labelled antibody is then bound to
the primary antibody to give rise to signal visualization. This method is comparatively
more sensitive as it amplifies weak antigen signals in the tissue through two or more
labelled secondary antibody reactions with different antigenic sites on the primary
antibody. In addition, it is also a greater choice because it is economy since the labelled
secondary antibodies can obviously be used with many different primary antibodies to

identify different antigens of interest (Chen et al., 2010).
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2.8.2.1 Peroxidase anti-peroxidase (PAP) method

The PAP method was introduced by Sternberger in 1979. This method is a further
development of the indirect method, involving a third layer of anti-peroxidase antibody
generated in the same species as the primary antibody, coupled with peroxidase to make
a very stable PAP complex. This three-step approach amplified the antigenic signals with
high sensitivity of about 100 to 1000 times higher since the peroxidase molecule is
immunologically bound to the anti IgG, and thus retains its enzyme activity (Bratthauer,
1995). The high sensitivity of PAP method allows much higher dilution of the primary
antibody, thus eliminating many of the unwanted antibodies and reducing non-specific
background staining. However, the primary antibody and the PAP complexes must be
from the same species, but a particular PAP complex may not be available for all cases
of primary antibody and the ready-made PAP complexes from multiple species to

accommodate the primary antibodies available is costly and not easy.

2.8.2.2  Avidin-biotin complex (ABC) method

ABC method consists of an unlabelled primary antibody, a biotinylated secondary
antibody and a complex of avidin-biotin peroxidase. Biotin, a low molecular weight
vitamin that capable to conjugated to a vast variety of biological molecules, such as
antibodies and peroxidase enzyme reporter for the detection of the target antigen. Avidin,
a large glycoprotein that contains four identical subunits has a high affinity for biotin;
thus, a total of four biotin molecules can bind to a single avidin molecule. In the context
of IHC, the avidin-biotin complexes allow more peroxidase enzyme to be located at the
antigenic site and enhancing the sensitivity of the method (Bratthauer, 2010). Fortunately,
the biotinylated secondary antibodies are inexpensive, readily available commercially and
reactive against immunoglobulin from a wide variety of species. The strong non-covalent
avidin-biotin binding and high affinity of avidin for biotin make ABC method less prone

to errors related to assay condition and more sensitive than PAP method.
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2.8.2.3 EnVision system

EnVision system is a two-step polymeric method in which application of the primary
antibody is followed by a polymeric conjugate consisting of a large number of secondary
antibodies bound directly to an activated HRP labelled dextran backbone. This unique
polymeric conjugate permit binding of a large number of HRP molecules, hold up to 100
HRP molecules and 20 antibodies per backbone. The polymeric conjugate enhanced the
sensitivity of EnVision system and allows the amplification of poorly expressed targeted
antigen of interest. In addition, EnVision system usually allows the high dilutions of
primary antibody to minimized non-specific background staining, enable it to maintain
the specificity of the reaction. Furthermore, EnVision system provides some other
additional advantages that in relation to its intrinsic structural characteristics, such as the
lack of endogenous biotin activity and the reduction in the total number of assay steps as

compared to conventional techniques (Ulrike et al., 2001).

2.8.2.4 Histofine method

Histofine method is a simplified staining step uses a labelled polymer, consisting of
Fab’ fragment of secondary antibody conjugated to an amino acid polymer and multiple
enzyme molecules such as peroxidase. This method allows no cross-reactivity of the
labelled polymer with endogenous biotin and thus; minimizing the background staining

and enhances the sensitivity of the staining (Kasamatsu et al., 2010).

2.9 Quantitative analysis

Traditionally, IHC data are semi-quantified by pathologist visual scoring of staining
such as calculation of H-Score. However, the semi-quantification method of analysis is
subjective in interpretation, costly and impractical. Therefore, computer-aided analysis of
digitized whole slide images, such as Imagel, an open source Java scientific image
analysis program for biomedical image analysis, is often chosen because it is time-saving,

improves IHC data quality and promise to overcome these limitations of traditional IHC
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analysis (Schneider et al., 2012). The whole-slide imaging systems are widely available

and precise in ranges of staining that appear weak to the naked eye (Rizzardi et al., 2012).

T-test tests the null hypothesis if the population means estimated by two independent
samples differ significantly. The three main types of t-test: an independent sample t-test
that compares the means of two groups, a paired sample t-test that compares means from
the same group at different times and a one sample t-test that tests the mean of a group
against a known mean. Student t-test is a parametric statistical test that is used to compare
the means of two independent groups with prerequisites, the assumption of normality that
specifies the normal distribution of the mean of the sample group and the assumption of

equal variance of the sample group (Altman & Bland, 2009).
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials
311 General reagents and consumables

General laboratory chemicals and reagents were obtained from Life Technologies Inc.
(Canada) and Sigma-Aldrich Co. LLC (Tokyo, Japan), unless otherwise stated. All
reagents for molecular studies were from Abcam Inc. (Cambridge, MA, USA), Dako
(Glostrup, Denmark), Takara Bio Inc. (Shiga, Japan), IBL Co., Ltd. (GunmaJapan) and
Cosmo Bio Co., Ltd. (Tokyo, Japan). Tissue culture plastics and flasks were all purchased
from Sigma-Aldrich Company Ltd or Falcon (Becton Dickinson Labware, NJ), whereas
other tissue culture reagents and materials were purchased from Life Technologies Inc.

(Canada) or Sigma-Aldrich Company Ltd, unless otherwise stated.

3.2 Methods
321 Monolayer cell culture
3211 AM-1cell line

The ameloblastoma cell line, AM-1 was kindly provided by Dr. Hidemitsu Harada
from Iwate Medical University, Japan. These cells are stored in liquid nitrogen for
preservation. On resuscitation of these frozen cells stored in liquid nitrogen, cell vial
collected from liquid nitrogen storage was subjected to quick-thawed by rubbing gently
and wiped with a tissue soaked in 70% alcohol prior to opening to decrease the risk of
contamination. As soon as the cells were thawed, the whole content of the cell vial was
quickly transferred to the 50 ml conical centrifuge tube (Falcon, Becton Dickinson
Labware, NJ) containing 10 ml of 1X PBS (Phosphate Buffered Saline) solution (Takara
Bio Inc., Shiga, Japan) to remove cryoprotectant by centrifugation for 5 minutes (mins)
at 1,000 rotations per minute (rpm) at room temperature. Thereafter, the supernatant was
discarded, and the pellet was resuspended in appropriate volume of fresh supplemented

Keratinocyte-Serum Free Medium (K-SFM: recombinant epithelial growth factor, EGF,
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bovine pituitary extract) (all from GIBCO, El Paso, TX, USA) to achieve the correct cell
seeding density. An appropriate volume of cell suspension was plated on 100 mm x 20
mm cell culture dishes (Sigma-Aldrich, St. Louis, MO, USA) and incubated in the
humidified incubator at 37°C with 5% COz. The cells were passage by when nearly
confluent and the culture medium was changed every three days. The culture medium
was changed every three days until the cells were nearly confluent and passage using

accutase (Innovative Cell Technologies, San Diego, CA, USA).

3212 KUSA/A1L cell line

KUSAJ/AL, the mouse pre-osteoblastic cell line was the courtesy of Dr. Akihiro
Umezawa from Keio University, Tokyo, Japan. Similarly, these frozen cells stored in
liquid nitrogen also resuscitated as above mentioned. However, the thawed cells were
transferred to the 50 ml conical centrifuge tube containing 10 ml of Minimal Essential
Alpha Medium (a-MEM) (GIBCO, Burlington, ON, Canada) supplemented with 10%
fetal bovine serum and 1% antibiotic-antimycotic (GIBCO, USA) and centrifuged for 5
mins at 1,000 rpm at room temperature to pellet cells. Thereafter, the cell pellet was
resuspended in appropriate volume of fresh a-MEM containing 10% fetal bovine serum
and 1% antibiotic-antimycotic to achieve the correct cell seeding density. Following that,
an appropriate volume of cell suspension was plated on 100 mm x 20 mm cell culture
dishes (Sigma-Aldrich, St. Louis, MO, USA) and incubated in the humidified incubator
at 37°C with 5% CO,. The culture medium was changed every 3 days until the cells were
nearly confluent and passage using 0.05% trypsin-ethylenediaminetetraacetic acid

(EDTA) (GIBCO, Canada).

3.21.3 ST2cell line
ST2 cells, a clone of stromal cells derived from mouse bone marrow was obtained
from RIKEN BRC (Tsukuba, Japan) and stored in liquid nitrogen for preservation. These

frozen ST2 cells were resuscitated by quick-thaw and then transferred to 50 ml conical
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centrifuge tube containing 10 ml of a-MEM supplemented with 10% fetal bovine serum
and 1% antibiotic-antimycotic for centrifugation at 1,000 rpm for 5 mins at room
temperature. Following that, the cell pellet was resuspended in appropriate volume of
fresh a-MEM containing 10% fetal bovine serum and 1% antibiotic-antimycotic to
achieve the correct cell seeding density. An appropriate volume of the cell suspension
was plated on 100 mm x 20 mm cell culture dishes and incubated in humidified incubator
at 37°C with 5% CO>. The cell culture medium was changed every 3 days until the cells

were nearly confluent and passage using 0.05% trypsin-EDTA.

3214 MC3T3-Elcell line

MC3T3-E1, the mouse osteoblastic cell line was purchased from RIKEN BRC
(Tsukuba, Japan) and was stored in liquid nitrogen. Similarly, these cryopreserved cells
were resuscitated by quick-thaw and then transferred to 50 ml conical centrifuge tube
containing 10 ml of a-MEM supplemented with 10% fetal bovine serum and 1%
antibiotic-antimycotic for centrifugation for 5 mins at 1,000 rpm at room temperature.
The cell pellet obtained was resuspended in appropriate volume of fresh a-MEM with
10% fetal bovine serum and 1% antibiotic-antimycotic to achieve the correct cell seeding
density. Thereafter, an appropriate volume of the cell suspension was plated on 100 mm
x 20 mm cell culture dishes and incubated in humidified incubator at 37°C with 5% CO..
The cell culture medium was changed every 3 days until the cells were nearly confluent

and passage using 0.05% trypsin-EDTA

3.2.15 Cell culture maintenance

Culture medium was removed from cell culture dish with cultured cells of nearly 80%
confluency. Adherent cells attached on culture dish were washed in 10 ml of 1X PBS
solution and | ml of 0.05% trypsin/EDTA or accutase (AM-1 only) was added for 5 mins
(or 3 mins for AM-1) at room temperature. Cell detachment is promoted by gently tapping

on the sides of the culture dish and was monitored under a light microscopy. Following
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that, the activity of the trypsin/EDTA was neutralized by addition of 10% FBS-containing
medium at a volume of 4x the volume of trypsin/EDTA added to terminate their action
on cells. On the other hand, the detached AM-1 cells are resuspended in 10 ml of 1X PBS
solution and then the cell suspension in the conical centrifuge tube was centrifuged for 5
mins at 1,000 rpm at room temperature. The supernatant was discarded and the cell pellet
was resuspended in supplemented K-SFM. Cells were then either reseeded such that the
split ratio is 1:5 in a number of new culture dish for monolayer culture or in 24- or 96-

well culture plate to establish the 3D in vitro cell culture model.

3.2.1.6 Cell counting

A known volume of growth medium or PBS (AM-1 only) was added to the cell
suspensions and 10ul of the diluted cell suspension was transferred to each counting
chamber of the haemocytometer. The cell counting was performed under x100
magnification, aided by a hand tally counter. Four individual corner squares within the
haemocytometer were counted. The total cell number in the suspension was calculated

using the formula as shown in the table below:

Cell number per cell suspension volume

= Mean cell count x total cell suspension volume (ml) x 10*

322 Cell culture in 3D
3221 AM-1s in Matrigel matrix

Matrigel (BD Biosciences, Bedford, MA) was defrosted on ice and diluted (1:1) in a-
MEM supplemented with 10% FBS, 0.1% of 50 pug/ml ascorbic acid and 0.5% of 1M -
glycerophosphate (all from Sigma-Aldrich, Dorset, England, UK) prior to the addition of
AM-1 cells. The tube was placed on ice, and the cell pellet of AM-1 cells were re-
suspended in the prepared polymerizing Matrigel at density of 4.0 x 10° cells/ml. The

cells are then gently mixed with the Matrigel solution to evenly dispersed the cells
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throughout the cold homogenised Matrigel mixture and for a total of 1.4 ml out of which
100 pl was added into the wells of a 96-well culture plate with the layout as shown in
Figure 3.1. The plate was incubated for 90 mins at 37°C after which 100 pl of
mineralization medium (a-MEM containing 0.1% of 50 pg/ml ascorbic acid and 0.5% of
1M B-glycerophosphate) was gently added to the top of each polymerized gel and placed
back in the incubator. The mineralization medium was changed routinely every three

days.

3.22.2 KUSA/A1s in Matrigel matrix
The Matrigel method for KUSA/AL cells was as described (Section 3.2.1.1) for AM-

1 cells.

3.22.3 AM-1sin 3D collagen type I gels

Atelocollagen, Eagle’s MEM (Koken, Tokyo, Japan) was defrosted overnight in a 4°C
refrigerator a day before use. To set up cells in 1.0 mg/ml collagen gels, equal volumes
of a-MEM supplemented with 10% FBS, 0.1% of 50 pg/ml ascorbic acid and 0.5% of
1M B-glycerophosphate were mixed on ice prior to the addition of AM-1 (4.0 x 10° and
8.0 x 10° cells/ml gel in 96-well and 24-well plate respectively with layout as shown in
Figure 3.1) cells. The cells are then gently mixed with the collagen solution to evenly
dispersed the cells throughout the cold homogenised collagen mixture prior to the
addition of a 100 ul aliquot of the cold collagen mixture into the wells of a 96-well culture
plate (or 0.5 ml/well in a 24-well plate). Both 96- and 24-well culture plates were placed
in the humidified incubator at 37°C with 5% CO>. 100 pl of mineralization medium
(Section 3.2.2.1) was gently added to the top of each gel (or 1 ml in the 24-well plate)
after the polymerization of the gel (nearly 90 mins). The culture plates were placed back

in the 37°C incubator and the medium was changed routinely every three days.
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3.22.4 KUSA/A1s in 3D collagen type I gels

The collagen gel method for KUSA/AL cells was as described (Section 3.2.2.3) for
AM-1 cells.
3.22,5 ST2sin 3D collagen type I gels

The collagen gel method for ST2 cells was as described (Section 3.2.2.3) for AM-1
cells, but with the following modifications:

1. ST2s were set up at a concentration of 3.3 x 10° cells/ml gel for plating in a 24-

well culture plate.
2. 0.75 ml of the collagen mixture was added to each well in the plate prior to the

addition of 1.5 ml of mineralization medium.

3.22.6 MC3T3-E1 in 3D collagen type I gels
The collagen gel method for MC3T3-E1 cells was as described (Section 3.2.2.3) for
AM-1 cells, but MC3T3-E1s were only set up at a concentration of 8.0 x 10° cells/ml gel

for plating in a 24-well culture plate.

323 In vitro 3D tumour-fibroblast co-culture
3.23.1 Co-culture of AM-1 and KUSA/A1 in Matrigel matrix

The Matrigel method for co-culture of AM-1 and KUSA/AL cells was as described
(Section 3.2.1.1) for AM-1 cells, by addition of total cell concentration of 8.0 x 106 and
4.0 x 10° cells/ml gel in each well of a 96-well culture plate at 1:1 ratio of AM-1 to

KUSAV/AL cells (Figure 3.2).

3.23.2 Co-culture of AM-1 and KUSA/AL in collagen matrix
The collagen gel method for co-culture of AM-1 and KUSA/AL cells was as described
(Section 3.2.2.3) for AM-1 cells, by addition of total cell concentration of 8.0 x 106 and

4.0 x 10° cells/ml gel in each well of a 96-well culture plate (or 1.6 x 10° and 8.0 x 10°
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cells/ml gel in each well of a 24-well culture plate) at 1:1 ratio of AM-1 to KUSA/Al
cells.
3.23.3 Co-culture of AM-1 and ST2 in collagen matrix

The collagen gel method for co-culture of AM-1 and ST2 cells was as described
(Section 3.2.2.3) for AM-1 cells, by addition of total cell concentration of 8.0 x 108 and
4.0 x 108 cells/ml gel in each well of a 96-well culture plate (or 6.6 x 10° and 3.3 x 10°

cells/ml gel in each well of a 24-well culture plate) at 1:1 ratio of AM-1 to ST2 cells.

3.2.3.4 Co-culture of AM-1 and MC3T3-EL1 in collagen matrix

The collagen gel method for co-culture of AM-1 and MC3T3-E1 cells was as
described (Section 3.2.2.3) for AM-1 cells, by the addition of total cell concentration of
1.6 x 10° and 8.0 x 10° cells/ml gel in each well of a 24-well culture plate at 1:1 ratio of

AM-1 to MC3T3-E1 cells.
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Figure 3.1: Layout of 3D cell cultures.

The monocultures and AM co-cultures was seeded into a (A) 96-well culture plate and (B) 24-well culture plate bathed in mineralization medium for the
development of scaffold-based 3D in vitro cell monoculture constructs and AM co-culture constructs.
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Figure 3.2: In vitro 3D cell cultures.

Culture dish
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Reconstituted hydrogel
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The establishment of (A) fibroblastic cell monoculture construct, (B) ameloblastoma cell monoculture and (C) ameloblastoma cell/fibroblast co-culture
construct, seeded in reconstituted hydrogel matrices that overlaid with mineralization medium.
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3.24 Histological analysis of type I collagen gels and/or Matrigel
3.24.1 Fixation of gels

Cell culture in 3D was maintained in mineralization medium (Section 3.2.2.1) and
outputs analysed after 3, 7, 14 and 21 days. Initially, medium was discarded prior to the
fixation of gels. Then, the whole gel was removed from the culture plate by gently
detached from the walls and bottom of the wells by passing a syringe needle around the
perimeter of the wells. Gels harvested from monocultures of single cell types (AM-1,
n=3; KUSA-AL, n=3; ST2, n=3; MTCT3-E1, n=3) and co-culture constructs (AM-
1/KUSA-A1l, n=12; AM-1/ST2, n=12; AM-1/MTCT3-E1, n=12) were placed in
individual 1.5 ml (or 5 ml) tubes and fixed in 1 ml (or 2.5 ml) of 10% formalin depending
on the size of the gel overnight at room temperature. The 10% formalin was removed,
and the gel was placed in a separate embedding cassette using forceps and marker with
mercurochrome (Kozakai Pharmaceutical, Tokyo, Japan) before washed in 70% ethanol

in shaker overnight.

3.2.4.2 Tissue processing of gels
The whole washed gels in the embedding cassette were processed overnight in the
tissue processor CT-Pro20 (Genostaff Co., Ltd, Tokyo, Japan) which involved them being

rinsed sequentially in formalin, ethanol (70%; 90%; 100%), xylene and paraffin.

3.24.3 Embedding of gels in paraffin wax

The individual processed gels were embedded in paraffin wax using the Tissue-Tek
TEC 5 paraffin embedder (Sakura Finetek Japan Co., Ltd, Tokyo, Japan). For this process,
a little of the melted wax was placed in a stainless-steel base mould and the whole
harvested gel was carefully removed from the cassette using forceps, placed flat and
cross-sectionally in the mould, topped with more melted paraffin wax and finally with

cassette left on the top of the mould. It was then placed on the cold plate and leave until

63



the wax is solidified. The embedded sample was then popped out of the mould prior to

sectioning.

3.2.4.4  Sectioning of gels

For all specimens from monocultures (AM-1, n=3; KUSA-Al, n=3; ST2, n=3;
MTCT3-E1, n=3) and two specimens per time point from co-culture constructs (AM-
1/KUSA-A1, n=6; AM-1/ST2, n=6; AM-1/MTCT3-E1, n=6), 10 um thick paraffin
sections were cut using the large sliding microtome type TU-213 (Yamato Kohki
Industrial Co., Ltd, Saitama, Japan) with the aid of slide warmer PS-51 (Sakura Finetek
Japan Co., Ltd, Tokyo, Japan) and mounted on individual Matsunami adhesive slide
(MAS)-coated slides (Matsunami, Tokyo, Japan). All slides were placed in a 60°C
incubator for 4 — 5 hours on slide racks tilted at a 45° angle prior to staining or storage for

later use.

3.245 H&E staining of gels

Refer to Appendix A.

3.2.4.6  Alizarin Red S staining for the detection of calcified nodules

Refer to Appendix B.

3.24.7 IHC staining of gels

IHC staining was undertaken on individual sections using antibodies specific for
cytokeratin, vimentin, osteocalcin (OC), osteopontin (OPN), bone sialoprotein (BSP),
RANK, RANKL and OPG (Appendix C). All IHC analysis was undertaken at the same
time for each protein being tested for all experimental representatives. Immunostaining
was scored as negative (-) when none of the cells were positively stained in the cytoplasm,
membrane or nucleus; mild (+), <25% cells positive; moderate (++), 25-50% cells

positive; and strong (+++), >50% cells positive.
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3.2.4.8 IHC staining protocol

Refer to Appendix D.

3.25 Confocal microscopy of 3D type I collagen gels
3.25.1 Fixation of collagen gels

One representative specimen was selected from d 3 co-culture constructs (AM-
1/KUSA-A1, n=1) seeded collagen gel in 24-well culture plate for confocal microscopy
and fixed as described (Section 3.2.3.1). The whole gel was prepared for specific
immunofluorescent staining for pan-cytokeratin, vimentin and 4', 6-diamidino-2-
phenylindole (DAPI) labelling of nuclei.
3.25.2 Double-label immunofluorescent staining of cytokeratin and vimentin

Refer to Appendix E.

3.26 Statistical analysis of data

At each time point, the number of cytokeratin- and vimentin-positively stained cells
was counted at 200x magnification from the selection regions in the mono- and co-culture
constructs. In each section, quantification was performed using ImagelJ, a Java-based
image processing program developed at the National Institutes of Health for Windows.
Relative cell number in both configurations was calculated from 5 randomly selected
defined regions of interest in each case. Results were expressed as means + standard

deviation (SD).

All experiments were conducted in duplicates with same passages of the cell lines.
Statistical analysis was performed using IBM SPSS software version 18.1 (IBM, Armonk,
NY, USA) for Windows. Data on cell count were presented as means + SD. Comparisons
between mean variables of two groups were performed using the Student t test. Level of

significance was set as p<0.05.
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CHAPTER 4: RESULTS

4.1 Optimum culture conditions selection
41.1 Effect of hydrogel used on morphology of cultured cells

In hydrogel preparation, the feasibility of the reconstituted hydrogel prepared by serial
dilution of atelocollagen or Matrigel was evaluated. Previous studies have shown that the
concentration of reconstituted hydrogels was inversely proportional to their rigidity.
Meanwhile, the concentration of hydrogels reported to determines the density of the
matrix and pore size, hence influences the navigation of culture cells through the gel. The
use of collagen gels instead of Matrigel was best for our model due to the physiologically
relevant cellular structure of cells cultured on collagen gel (Figure 4.1). Taken together,
collagen diluted with equal volume of a-MEM is the key characteristics in synthesis of

hydrogel matrices for three-dimensional culture of cells as developed in the present study.
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Figure 4.1: Characterization of in vitro 3D cell culture constructs in hydrogels.

H&E stained histologic sections of KUSA/ALl and AM-1 cell monocultures and co-
cultures in collagen and Matrigel matrices at day 7. (A) KUSA/A1 and (C) AM-1 cell
monocultures in collagen matrices exhibit spindle-shape (arrow-heads) and round-shape
(arrows) morphology respectively that not visible in (B) KUSA/AL and (D) AM-1 cell
monocultures in Matrigel matrices. Both morphologies as observed in monocultures can
be seen in (E) co-cultures cultured in collagen matrices but not distinguishable in (F) co-
cultures cultured in Matrigel-based matrices.



412 Effect of exposed surface area of culture substrate on cell behaviour and
morphology

To evaluate the effect of exposed surface area of culture substrate to culture medium
on cell behaviour and morphology in 3D, cells were entrapped within collagen matrices
at the same concentration in 96-well culture plate (32.0 mm?) and 24-well culture plate
(2.0 cm?). Significant differences in the appearance of KUSA/AL cells cultured either on
24-well or 96-well culture plate were revealed through H&E staining (Figure 4.2).
KUSA/AL cell monocultures grown on 24-well culture plate for 3 days formed elongated
spindle-shaped structures and started to cluster. After 7 days, KUSA/AL cells cultured on
24-well plate clustered into colonies of closely packed cells and from aggregates. The
opaque regions within the matrices of KUSA/A1 monocultures grown for 14 days on 24-
well plate represent the onset of mineralization. KUSA/AL cells grown on 96-well culture
plate were generally disorganized in appearance and scattered throughout the collagen
matrices and formed spindle-shaped structures after 14 days. Furthermore, co-cultures
grown either on 24-well or 96-well culture plate were also examined (Figure 4.3). In
general, co-cultures grown on 24-well culture plate showed the close association between
the adjacent cells and indicative of the establishment of an intercellular network between
two cell populations with distinctive morphology. In contrast, such interaction between

adjacent cells was not seen in co-cultures grown on 96-well culture plate.
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24-well plate

96-well plate

Figure 4.2: Exposed surface area of culture substrate on morphology and structure of KUSA/A1 cells in 3D monoculture construct.

H&E stained histologic sections of KUSA/AL cell monocultures in collagen matrices cultured in 24-well plate (A-C) and 96-well plate (D-F) at day 3, 7
and 14. KUSA/AL1 cells grown for 3 days in 24-well plate (larger surface area) were generally spindle-shaped (arrow) in appearance (A), started to cluster
and form aggregates (arrow-heads) after 7 days (B) and shown characteristics of matrix mineralization (M) after 14 days (C). KUSA/A1 cells grown in
96-well plate (smaller surface area) scattered throughout the matrices for 7 days (D, E) and started to appear spindle-shaped (arrow) in morphology at

day 14 (F).
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24-well plate
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Figure 4.3: Exposed surface area of culture substrate on cell morphology and structure of 3D AM-1/KUSA-AL1 co-culture construct.

H&E stained histologic sections of co-cultures of KUSA/A1 and AM-1 cells in collagen matrices cultured in 24-well plate (A-C) and 96-well plate (D-
F) at day 3, 7 and 14. Co-cultures grown for 3 days in 24-well plate were generally indicated a greater interaction between adjacent cells (arrow) growing
on the scaffold (A), proliferated and gradually maximise their surface area (B, C). Co-cultures grown in 96-well plate scattered throughout the matrices

at day 3 (D) and day 7 (E) but reduced in cell number after 14 days (F).
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4.1.3 Optimal seeding density for co-cultures in 3D collagen matrices
Co-cultures of KUSA/A1 and AM-1 cells were entrapped within collagen matrices on
24-well culture plate in a 1:1 ratio at the total seeding density of 4.0 x 10° cells/mL and
8.0 x 108 cell/mL. Cell behaviour and morphology were evaluated at days 3, 7 and 14 by
H&E staining (Figure 4.4). Two distinctive morphology of cells was observed for the
lower cell density. Cell population with round-shaped and nest-like in appearance is
surrounded by another population of cells with elongated and spindle-shaped in
appearance after 3 days of incubation. For the higher cell density, no distinguishable cell
morphology was observed after 3 days of culture, as well as the intercellular network
between two cell populations. Along the time of culture, massive cell proliferation was
observed for both seeding densities tested. As shown in Figure 4.4, the better cellular
interaction between two distinct cell populations observed in lower density co-cultures
may have resulted from a more favourable culture condition, and the eventual efficient

intercellular signalling, more prone to occur under this seeding density.
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4.0 x 10%/cell type

8.0 x 10%/cell type

Figure 4.4: Seeding density on cell morphology and structure in 3D co-culture construct.
H&E stained histologic sections of co-cultures comprise of KUSA/AL and AM-1 cells grown in collagen matrices on 24-well culture plate at low cell

density (A-C) or high cell density (D-F) at day 3, 7 and 14.
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4.2 Characterization of cell cultures in 3D collagen-fiber network model
421 Morphology and structure of monocultures in 3D

After specific time point in culture, monocultures of the fibroblastic cell, as well as
ameloblastoma tumour cells were harvested, fixed, dehydrated and embedded in paraffin
prior to H&E staining. Figure 4.5 represents the H&E stained histologic sections of 3D
in vitro monocultures of the fibroblastic cell: KUSA/A1 (A-C), MC3T3-E1 (D-F), ST2
(G-1) and ameloblastoma cell, AM-1 (J-L) at day 3, 7 and 14. As presented, flat and
elongated appearance is common for all fibroblastic cell lines. However, a distinguishable
difference in behavioural characteristics was observed amongst 3D in vitro monocultures
of fibroblastic cell lines entrapped in collagen matrices. KUSA/Al and MC3T3-E1
fibroblastic cells monoculture grown in 3D collagen matrices for 3 days generally formed
round or flat, elongated shapes structure and arranged in a dissociated manner.
Importantly, it is observed that cells started to cluster into colonies of closed packed cells
within the collagen matrices, resembling small multicellular aggregates. On the other
hand, ST2 cells exhibited flat and elongated appearance as the two other fibroblastic cells
and cells were scattered throughout the collagen matrices. In contrast, cell aggregates
were not seen in monocultures of ST2 cell grown in collagen matrices throughout the
culture period. Furthermore, with increased culture duration (7 to 14 days), cell
aggregates as observed in the KUSA/A1 cell monocultures were developed into a larger
size, but cell aggregated in MC3T3-E1 cell monocultures were relatively dispersed and
scattered throughout the collagen matrices. KUSA/AL cells in 3D culture showed
excessive proliferation in comparison to ST2 and MC3T3-E1 cells. Cells of line AM-1 in
collagen matrices were scattered in a dissociated manner with round shapes and without
observed cell aggregates formation throughout the culture period. In addition, no visible

evidence of extensive cellular proliferation was seen in AM-1 cell monoculture. Overall,
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regions of fibroblastic and AM-1 cell monocultures grown for 21 days appeared

unhealthy (data not shown).
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Figure 4.5: Characterization of monocultures in 3D model.

H&E stained histologic sections of monoculture of fibroblastic cells: KUSA/AL (A-C),
MC3T3-E1 (D-F) and ST2 (G-I), as well as the monoculture of AM-1 cells (J-L) in
collagen matrices cultured on 24-well plate at day 3, 7 and 14.

74



422 Morphology and structure of in vitro 3D co-culture construct

We compared the morphological differences in co-cultured cells grown in different 3D
in vitro tumour-fibroblast co-culture model comprises of AM-1 and different fibroblastic
cells: KUSA/A1, MC3T3-E1 and ST2. As presented in Figure 4.6, AM-1 and KUSA/Al
cell co-culture grown 3 days in collagen matrices were generally heterogeneous in
appearance and consisted of two populations of cell with distinct morphologies: one
population interconnected to another population that found organized into colonies of
closely packed cells resembling multicellular aggregates through cytoplasmic processes
extending from the cell body, forming an extensive interconnected intercellular network.
However, such distinguishable morphologies as observed in AM-1 and KUSA/AL cell
co-cultures were not seen in both AM-1 and MC3T3-EL1 cell co-cultures and AM-1 and

ST2 cell co-cultures throughout the culture period.
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Figure 4.6: Characterization of AM co-cultures in 3D model.

H&E stained histologic sections of 3D in vitro tumour-fibroblast co-culture of AM-1 and
different fibroblastic cells, KUSA-A1 (A-C), MC3T3-E1 (D-F) and ST2 (G-1) in collagen
matrices at different time points — day 3, 7 and 14.

4.3 Validation of cell-cell interaction in 3D in vitro AM co-cultures

We compared the morphological differences in cells grown in the 3D in vitro
tumour-osteoblast co-culture construct and monoculture construct through H&E staining
(Figure 4.7). Nest-like structures are seen in AM co-culture comprises of AM-1 and
KUSA/A1L cells, but not visible in AM-1 cell monocultures. Further, KUSA/A1 cell
monoculture construct shown a visible extracellular matrix but not in the co-culture

construct under the same culture condition.
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14 day-old co-culture 14 day-old KUSA/A1 monoculture

Figure 4.7: Validation of cell-cell interaction on cell count and mineralization
characteristic of monocultures against AM co-cultures.

Comparison of the microscopic image of the 3D in vitro AM co-culture and AM-1
monoculture at day 3 (A&B) and the 3D in vitro AM co-culture and KUSA/Al
monoculture at day 14 (C&D). At day 3, AM-1 cells in the 3D in vitro AM co-culture
form cohesive clusters (arrow). Extracellular matrix is not visible in AM co-culture grew
for 14 days, in contrast to KUSA/A1 monoculture that shows extracellular matrix (M)
after 14 days.

43.1 Extracellular matrix mineralization

The extracellular matrix mineralization of 3D in vitro osteoblastic cell and AM-1 cell
monocultures incubated with mineralization medium was examined. After 14 days in
culture, collagen matrix of KUSA/A1 cell monoculture shown evidence of mineralization
as depicted by the intense Alizarin Red S staining (Figure 4.8H). However, the collagen

matrix of AM-1 cell monocultures and osteoblastic cell monocultures of other cell lines,
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MC3T3-E1 and ST2 has no evidence of mineralization as no visible Alizarin Red S

staining was observed (data no shown) over the culture period.

On the other hand, the collagen gel cultures of KUSA/A1 and AM-1 cell co-culture
incubated with mineralization medium for 14 days shown evidence of reduced Alizarin
Red S staining (Figure 4.8G) as compared to the KUSA/A1 cell monoculture. Further,
the collagen matrix of co-culture of AM-1 cells with other osteoblastic cell lines (MC3T3-
E1l and ST2) also has no evidence of mineralization as no observable Alizarin Red S

staining (data no shown).
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Figure 4.8: Mineralization characteristics of mono- and co-culture cells.

Extracellular matrix mineralization: 3D in vitro co-culture and 3D in vitro KUSA/AL and
AM-1 cell monoculture entrapped in the collagen matrices incubated with mineralization
medium. Extracellular matrix mineralization in 3D in vitro cultures was visualized by
Alizarin Red S staining. No visible staining was seen in the cultures incubated for one
week (A-F). Collagen matrix of KUSA/AL and AM-1 cells co-culture showed reduced
staining (G) as compared to intense Alizarin Red S staining as seen in collagen matrix of
KUSA/cell monoculture (H).
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4.3.2 AM-1 cell density

With increased culture duration (7 to 14 days), a noticeable increase in AM-1 cell
density was observed in the AM-KUSA/A1 co-culture construct in comparison to AM-1
cell monocultures (Figure 4.9). Whilst, cell density in both AM-1 and MC3T3-EL1 cell co-
cultures and AM-1 and ST2 cells co-cultures was relatively less enhanced. Similarly, all
three different types of co-culture grown for 21 days appeared unhealthy (data not

shown).
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Figure 4.9: Morphological characteristics of mono- and co-culture cells.

H&E stained histologic sections of 3D in vitro AM co-culture and KUSA/A1 and AM-1
cell monocultures in collagen matrix at different time points — day 3, 7 and 14.
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4.4 Effect of cell-matrix interaction on collagen gels contraction

Collagen gel contraction mediated by cells cultured in a 3D collagen gel was examined
by the change in diameter of the gel (Figure 4.10). Monocultures of the fibroblastic cell,
KUSAJ/AL1 and AM-1 cell at the same seeding concentration induced small but not
significant contraction as examined (Figure 4.10A-B). However, alterations in cell
volume were shown to be involved in the decrease in the collagen gel diameter. KUSA/A1
and AM-1 co-cultures seeded at a high concentration (8.0 x 10° cells/mL) induced a
significant contraction of the collagen gel and the subsequent reduction in the size of the
collagen gel (Figure 4.10C). Co-cultures at a low concentration (4.0 x 108 cells/mL) as in
the mono-cell cultures had no significant effect on the contraction of the collagen gel
(Figure 4.10D). The time-dependent and concentration-dependent manner of collagen gel

concentration reflected the clear indication of the influence of cell-matrix interaction.
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AM-1 monocultures

KUSA/A1 + AM-1 co-cultures KUSA/A1 + AM-1 co-cultures
(4.0 x 10%cell type) (2.0 x 10%/cell type)

Figure 4.10: Hydrogel contraction of mono- and co-culture constructs.

Effect of cell-matrix interaction on collagen hydrogels contraction mediated by KUSA/AL or AM-1 or both cells. Photographs of collagen gel cultures
of (A) KUSA/A1 cells, (B) AM-1 cells, (C) KUSA/A1 and AM-1 at concentrations of 8.0 x 108 cells/mL and (D) KUSA/A1 and AM-1 at concentrations

of 4.0 x 108 cells/mL incubated for 21 days.
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4.5 Protein expression of 3D monoculture cells
45.1 Cytokeratin expression

Analysis of cytokeratin expression in KUSA/AL cells in collagen matrices in a 3D
monoculture configuration revealed that KUSA/AL cell stained negative for cytokeratin
throughout the culture period (Figure 4.11A-C). Whilst, AM-1 cells in 3D monoculture
configuration stained positive for cellular cytokeratin with similar intensities at each time

point (Figure 4.11D-F).
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Figure 4.11: Cytokeratin expression of monoculture cells.

Cytokeratin protein expression in KUSA/AL cells and AM-1 cells in collagen matrices in a 3D monoculture configuration. KUSA/AL cells (A-C) and
AM-1 cells (D-F) were maintained in mineralization medium for 3, 7 or 14 days, prior to fixation, processing and sectioning of the individual gels and
counterstained with haematoxylin.
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45.2 Vimentin expression

Analysis of vimentin in KUSA/AL cells in collagen matrices in a 3D monoculture
configuration revealed that KUSA/AL cell stained positive for vimentin, but varies at each
time point. The cellular staining intensity of KUSA/A1 cells in 3D monoculture
configuration appeared to be lightest on day 3, and this had increased and reached its
maximum on days 7 before returning to a lower level of expression on day 14 (Figure
4.12A-C). In contrast, AM-1 cells in a monoculture configuration did not show any

cellular staining throughout the culture period (Figure 4.12D-F).
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Figure 4.12: Vimentin expression of monoculture cells.

Vimentin protein expression in KUSA/AL cells and AM-1 cells in collagen matrices in a 3D monoculture configuration. KUSA/A1 cells (A-C) and AM-
1 cells (D-F) were maintained in mineralization medium for 3, 7 or 14 days, prior to fixation, processing and sectioning of the individual gels and
counterstained with haematoxylin.
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453 Osteocalcin expression

Osteocalcin expression in both KUSA/AL cells and AM-1 cells entrapped in collagen
matrices in a 3D monoculture configuration showed weak cellular staining at day 3, and
then increased at day 7 (Figure 4.13). On days 14, KUSA/AL cells did not show any
osteocalcin cellular staining, but the three-dimensional KUSA/A1 cell monoculture
matrices stained positive for osteocalcin. However, the intensity of osteocalcin expression

in AM-1 returned to a lower level of expression on day 14.
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Day 14

KUSA/A1

Osteocalcin protein expression in KUSA/AL cells and AM-1 cells in collagen matrices in a 3D monoculture configuration. KUSA/AL cells (A-C) and

AM-1 cells (D-F) were maintained in mineralization medium for 3, 7 or 14 days, prior to fixation, processing and sectioning of the individual gels and
counterstained with haematoxylin.
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454 Osteopontin expression

Osteopontin expression in KUSA/AL cells in 3D monoculture did not show any
staining at day 3 and day 7, but there was faint positive staining at day 14 in KUSA/Al
cells (Figure 4.14A-C). However, AM-1 cells in 3D monoculture did not show any

staining for osteopontin expression throughout the culture period (Figure 4.14D-F).
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KUSA/A1

AM-1

Figure 4.14: Osteopontin expression of monoculture cells.

Osteopontin protein expression in KUSA/A1 cells and AM-1 cells in collagen matrices in a 3D monoculture configuration. KUSA/AL cells (A-C) and
AM-1 cells (D-F) were maintained in mineralization medium for 3, 7 or 14 days, prior to fixation, processing and sectioning of the individual gels and
counterstained with haematoxylin.
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455 Bone sialoprotein expression

Analysis of bone sialoprotein (BSP) expression in KUSA/Al cells in a 3D
monoculture configuration revealed that KUSA/AL cell and the 3D KUSA/AL cell
monoculture collagen matrices stained positive for BSP at day 3 (Figure 4.15A). On days
7, KUSAJ/AL cells nor its matrices show any BSP staining, but the intensity of BSP
staining in collagen matrices of KUSA/A1 monocultures returned to a lower level of
expression on day 14. However, AM-1 cells and its matrices in a monoculture
configuration did not show any BSP staining throughout the culture period (Figure 4.15D-

F).
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Day 3 Day 7 Day 14

Figure 4.15: Bone sialoprotein expression of monoculture cells.
Bone sialoprotein (BSP) expression in KUSA/A1 cells and AM-1 cells in collagen matrices in a 3D monoculture configuration. KUSA/AL cells (A-C)

and AM-1 cells (D-F) were maintained in mineralization medium for 3, 7 or 14 days, prior to fixation, processing and sectioning of the individual gels
and counterstained with haematoxylin.
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4.6 Protein expression of 3D co-culture cells
46.1 Expression of extracellular matrix proteins affects mineralized nodule
formation in co-cultures of KUSA/Al and AM-1 cells
Formation of a mineralized matrix is a definite hallmark of osteoblastic differentiation.
To determine whether extracellular matrix protein expression influences on the mineral
formation, IHC of osteocalcin, osteopontin and bone sialoprotein expression in co-
cultures of KUSA/A1 and AM-1 cells entrapped in collagen matrices in inducing

condition were performed as presented in Figure 4.16.

4.6.1.1 Osteocalcin expression

Analysis of osteocalcin expression in co-cultures of KUSA/A1 and AM-1 cells in
collagen matrices in inducing condition by IHC, in which darkly cellular staining but no
evidence of matrix staining was observed throughout the culture period (Figure 4.16A-

Q).

4.6.1.2 Osteopontin expression

Osteopontin in KUSA/A1 and AM-1 co-cultures in collagen matrices in inducing
condition incubated for 3 days and 7 days have no visible evidence of cellular staining
nor matrix staining (Figure 4.16D-E). On days 14, there was faint positive cellular
staining but no evidence of matrix staining for osteopontin expression in the cultures

(Figure 4.16F).

4.6.1.3 Bone sialoprotein expression

Analysis of bone sialoprotein expression in co-cultures of KUSA/A1 and AM-1 cells
in collagen matrices in inducing condition by IHC revealed that, cultures have no
evidence of cellular and matrix for bone sialoprotein expression on days 3 and days 7

(Figure 4.16G-H). When the same cultures were maintained in the same condition, there
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was faint positive cellular staining for bone sialoprotein expression on day 14 with no

evidence of matrix staining as presented in Figure 4.16l.
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Figure 4.16: Osteopontin expression of co-culture cells

Osteocalcin, osteopontin and bone sialoprotein expression in 3D in vitro KUSA/A1L and
AM-1 cell co-cultures entrapped in collagen matrices in mineralization medium. Co-
cultures were maintained in mineralization medium for 3, 7 or 14 days. Individual gels
were fixed, processed and sectioned prior to IHC for osteocalcin (A-C), osteopontin (D-
F) and bone sialoprotein (G-1) expression and were counterstained with haematoxylin.

46.1.4 RANK, RANKL and OPG expression

Analysis of RANK, RANKL and OPG expression in three-day-old AM-1/KUSA-A1
co-culture revealed that, both round cell nest-like structures and elongated spindle-shaped
cells in co-culture strongly expressed RANK, mildly for RANKL and OPG (Figure

4.17A-C).
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RANK RANKL

OPG
Figure 4.17: A RANK-high, RANKL-low and OPG-low immunoprofile.
Representative sections of KUSA/Al and AM-1 co-culture constructs showing

immunohistochemical staining for RANK, RANKL and osteoprotegerin (OPG) (A-C).
RANK reaction was strong in the membrane and cytoplasm of round nest-like structures
and elongated spindle-shaped cells (A). RANKL expression was weak to absent in the
cytoplasm of both cell types (B). OPG was weakly expressed in both cell types (C).
(Original magnification: A-C, x200).
4.6.2 Morphological characteristics of co-culture cells in related to the
expression of cytokeratin and vimentin protein

The results of the immunohistochemical labelling of 3D in vitro tumour-fibroblast co-
cultures entrapped in collagen matrices in mineralization medium with cytokeratin and
vimentin at day 3, 7 and 14 are presented in Figure 4.18. Analysis of cytokeratin and
vimentin expression of three-day-old 3D in vitro co-cultures of AM-1 and KUSA-A1
cells revealed that, cytokeratin-expressing cells are found formed into nest-like
aggregates of closely packed cells; whilst vimentin-expressing cells grew as flat,

elongated shape in appearance and scattered around the cytokeratin-expressing cell

population. Note, with increased culture period, cultured cells in the co-culture condition

95



undergo substantial growth despite the density at which these co-cultures were initiated

until the cells were confluent.
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Cytokeratin

Vimentin

Figure 4.18: Cytokeratin and vimentin protein expression in co-culture cells.

Cytokeratin and vimentin protein expression in KUSA/AL and AM-1 cells entrapped in collagen matrices in 3D in vitro tumour-fibroblast co-culture
model. Co-cultures were maintained in mineralization medium for 3, 7 or 14 days, prior to fixation, processing and sectioning of the individual gels and

counterstained with haematoxylin.
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4.7 Tumour-fibroblast interactions affect the organization of cells
Immunofluorescent staining demonstrated the distribution of cytokeratin-expressing
cells and vimentin-expressing cells cultured in 3D in vitro co-culture configuration
entrapped in collagen matrices in mineralization medium (Figure 4.19). In KUSA/A1 and
AM-1 co-cultures incubated for 3 days, vimentin-expressing cells are found flat,
elongated in their appearance with long cytoplasmic processes scattered around the
cytokeratin-expressing cells that found organized into nest-like aggregates in the 3D
collagen scaffold. This was indicative of the interaction between adjacent cells growing
across and into the structure of the matrices, forming an interconnected cellular network

between two cell lines.
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Cytokeratin Vimentin

Figure 4.19: Cell organization in AM-1/KUSA-A1 co-culture construct.

Indirect multiple immunofluorescence images of three-day-old 3D in vitro KUSA/A1 and
AM-1 cell co-cultures entrapped in the collagen matrices in mineralization medium. Red,
cytokeratin; green, vimentin; blue, DAPI staining. Note that cytokeratin-expressing cells
formed into nest-like aggregates of closely packed cells, surrounded by vimentin-
expressing cells that appeared as flat, elongated in shape and scattered around the
cytokeratin-expressing cell population.
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4.8 Cell count of mono- and co-culture cells

Immunoreactivity scores for cytokeratin, vimentin, RANK, RANKL and OPG for
KUSA/AL and AM-1 cells in mono- and co-culture constructs at different time points are
shown in Table 4.1. Statistical analysis of cell count in mono- and co-cultures is shown
in Table 4.2 and illustrated in Figure 4.20. Both KUSA/A1 and AM-1 in co-cultures
showed a drop in cell count at day 7 but regained back at day 14. At the end of culture
period (day 14) both KUSA/AL and AM-1 in co-cultures showed a significant increase

in cell count compared to their monoculture counterparts (p<0.05).

Table 4.1: Immunoreactivity scores for cytokeratin, vimentin, RANK, RANKL and
osteoprotegerin (OPG)

Factors Monoculture cell lines Co-culture cell lines
KUSA/A1 AM-1 KUSA/A1 AM-1
Cytokeratin - +++ - ++++
Vimentin +++ - +++ -
RANK o + +++ +++
RANKL + + + +

OPG - - + +
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Table 4.2: Statistical analysis of mean + SD cell count at different time points for KUSA/A1 and AM-1 cell lines in 3D monocultures and co-

cultures.
Period (d) KUSA/AL, mean + SD (range) p-value AM-1, mean + SD (range) p-value
n  Monoculture n Co-culture n  Monoculture n Co-culture
3 1 137.2%+36.27 2 163.8 + 56.62 0.0536 1 117.6+4491 2 206.2+76.92 0.0629
7 1 186.2+98.15 2 135.8 + 35.85 0.0148 1 172.6 +49.13 2 135.8+77.55 0.0046
14 1 2438110059 2 256 + 237.41 0.0319 1 63.2+£52.3 2 229 +118.62 0.0161

n, number of samples; Bold values indicate statistical significance. p<0.05.
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The comparison of cell growth at different time points
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Figure 4.20: Ameloblastoma-osteoblastic interactions promoted tumour cell growth and growth inhibitory effect on osteoblasts.

Both KUSA/A1 and AM-1 in co-cultures showed a drop in cell count at day 7 but regained back at day 14. At day 14, AM-1 in co-culture showed a
significant increase in cell count compared to their monoculture counterpart. ** denotes p<0.05.
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CHAPTER 5: MAJOR FINDINGS

A key finding in the present study was significant increase in the number of AM-1
cells in 3D co-cultures compared to their monoculture counterparts. In contrast, cell count
between co-culture and monoculture for KUSA/AL, MC3T3-E1 and ST2 cells was less
distinctive at the end of the experiment. These observations imply that ameloblastoma-
osteoblastic interactions may have a promotive effect on tumour cell growth and growth
inhibitory effect on osteoblasts. The specific mechanism underlying this heterotypic
interaction that stimulates tumour cell proliferation is unclear. It is known that AM-1 cells
show downregulation of osteogenic genes including functional inactivation for WDR5, a
factor which is essential for osteoblast differentiation (Sathi et al., 2012). In osteoblastic
metastases, cancer cell produces osteoblast-stimulating factors to induce
osteoblastogenesis and the activated osteoblasts in turn secrete factors to promote cancer
colonization and growth (Ottewell, 2016). Whether the latter signalling pathway occurs

in ameloblastoma requires further investigation.

In the original work by Harada et al. (1998), primary culture AM-1 cells were
described as predominantly closely-packed small and polygonal cells with an epithelial
morphology. In the current study, AM-1 cells co-cultured with KUSA/AL formed visible
nest-like epithelial structures resembling ameloblastoma cells in their native state whilst
KUSA/AL remained as flat, elongated spindle-shaped cells. We interpreted this to mean
that tumour-osteoblastic interactions induce morphodifferentiation of AM-1 cells but
preservation of KUSA/A1 mesenchymal phenotype. The other notable observation was
in the co-culture state, both cell types were in close proximity with each other. KUSA/A1
cells with their long cytoplasmic processes interspersed and encircled AM-1 nest-like
aggregates suggesting heterotopic cell-cell interaction. Despite this closeness, AM-1 and
KUSA/A1 maintained fidelity of their lineages by expressing cytokeratin and vimentin

respectively.16 Lack of vimentin positivity in AM-1 cells further indicates absence of
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epithelial-to mesenchymal transition and phenotypic switching (Siar & Ng, 2014). It is
known that intercellular communication between cancer and surrounding stromal cells
creates a local microenvironment that promotes tumour survival and growth (Wendler et
al., 2016). However, this feature of topographic closeness was not observed in AM-1 cells
co-cultured with either MC3T3-E1 or ST2 cell lines. Emerging evidence suggests that
differences in cell properties and genetic instability may be major reasons influencing

interaction between these cells (Kim & Othmer, 2013; Fong et al., 2016; Liu et al., 2016).

In this study, a two-prong approach was used to assess local bone metabolism in the
3D co-culture system. Firstly, we examined KUSA/Al1 and AM-1 in the co-culture
construct for expression of bone remodelling molecules RANK, RANKL and OPG. A
RANK-high, RANKL-low and OPG-low immunoprofile displayed by both cell types
suggested a deregulated osteoclastogenesis. Osteoclasts are the cells responsible for bone
resorption and the process of osteoclastogenesis is regulated by the complex RANK-
RANKL-OPG pathway (Khosla, 2001; Proff & Romer, 2009). Binding of RANKL to
RANK triggers differentiation and activation of pro-osteoclasts (osteoclastic precursor
cells) to mature (active) osteoclasts (Proff & Romer, 2009). This RANKL-RANK
interaction is inhibited by OPG, a soluble decoy receptor for RANKL, resulting in
osteoclast inactivation. Our results differed from previous in vitro studies where a 700-
fold increase in RANKL was detected in co-culture of AM-1 and human osteosarcoma
cell lines, RANKL and OPG were well-expressed in AM-1 monoculture and in primary
ameloblastoma co-cultured with neonatal rabbit bone marrow cells (Sandra et al., 2006;
Qian & Huang, 2010; Eriksson et al., 2016). The reasons for this variability in in vitro
findings are unclear. One possible explanation may be ascribed to differences in cell lines,
and types of cell culture system used (Eriksson et al., 2016). Other factors that might
contribute to these disparities in findings include differences in the antibody sources used,

methodologies related to tissue processing and histomorphometry. In clinicopathological
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studies, reports on RANK-RANKL-OPG expression levels based on surgical materials of
ameloblastoma show variations in bone remodelling activities between primary and
recurrent tumours (Kumamoto & Ooya, 2004; Tay et al., 2004; Sandra et al., 2005;
Andrade et al., 2008; da Silva et al., 2008; Tekkesin et al., 2011; de Matos et al., 2013;
Siaretal., 2015). A plausible explanation put forth is that RANKL up- or down-regulation
in ameloblastoma might be reflective of the dynamic on-going process associated with
tumour-induced bone remodelling (Siar et al., 2015). In mineralization assays, KUSA/Al
monoculture demonstrated abundant Alizarin Red S positive mineralised areas whereas
this was diminished in the co-culture. These observations lend further support to our
immunohistochemical findings which suggests that tumour-osteoblast interaction induces

an altered local bone metabolism.
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CHAPTER 6: DISCUSSIONS

6.1 Optimum 3D cell culture condition
6.1.1 3D collagen construct to monitoring differentiation of cells

Collagen gel has good biocompatibility, degradability and low immunogenicity, can
be used as a culture matrix in 3D cell culture for the growth of a variety of mammalian
precursor cells. Huang et al. (2013) reported that 3D collagen gel promoted the
differentiation of neurons stem cells into mature neurons, shown that collagen acts as a
natural extracellular matrix providing a favourable condition for the growth of cultured
cells. Furthermore, Matthews et al. (2014) also demonstrated the enhanced
osteoblastogenesis of osteoblastic cells in the 3D collagen scaffold. The results from this
study also indicated that the upregulation of the late-osteoblast markers in 3D collagen
gels over the culture period is dependent on the 3D configuration of the scaffold since the
expression level of these markers in cells growing on collagen-coated plates and uncoated

plastic is similar.

In the present study, we demonstrated that KUSA/A1 pre-osteoblastic cells seeded
within 3D collagen gels showed positive mineral staining at an earlier time point than
cells growing in 2D model with similar culture condition. Mineralized nodules were first
visible in 2D KUSA/A1 cultures on day 3 after confluency in the inducing condition,
whereas 3D KUSA/AL1 cultures spontaneously exhibited nodule-like structures and were
stained strongly positive for Alizarin Red S after 14 days of culture, indicated the
acceleration of KUSA/AL cell differentiation seeded in the 3D collagen gel (Kawashima
et al., 2005). In contrast, matrix mineralization was not visible in both 3D MC3T3-E1
and ST2 cultures throughout the culture period (21 days), but studies first demonstrated
mineralized nodules first visible in the 2D cultures after confluency in the inducing
condition only on day 20 and day 24 respectively (Otsuka et al., 1999; Kawashima et al.,

2005). Unlike the determination of the onset of matrix mineralization, the overall level of
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matrix mineralization could not be directly compared between the two culture systems.
However, this present work adequately indicated the acceleration of pre-osteoblastic
KUSAJ/AL cell differentiation in the 3D collagen gels even with the absence of
comparison between the overall level of mineralization between 2D and 3D culture

system.

In our experiment, the collagen solution of desired concentration was mixed
thoroughly with cells before it has polymerized as a gel, and therefore the cells are
allowed to settle directly into the 3D environment. The variation of parameters existed
between the 2D and 3D culture system potentially contributed to the differential rate of
osteoblast differentiation in these systems and cells cultured in the in vivo-like 3D model
are superior to their 2D counterparts, with an accelerated cell differentiation. In addition,
pre-osteoblastic cells cultured in the 3D collagen gels assumed a more in vivo-like
morphology compared to the flat, adherent pre-osteoblastic cells on the 2D surface of the
tissue culture dishes. The 3D configuration of gels in 3D cell culture system mimic the in
vivo environment allows for more extensive cell-cell physical contact and the subsequent
cell-cell interaction and cell-matrix interaction, which synergistically accelerated
osteoblast differentiation. The present work characterized the growth of pre-osteoblastic
cells and elucidated the acceleration of osteoblast differentiation in 3D collagen gel by

comparing the osteoblastic matrix mineralization over a 14-day period.

6.1.2 Exposed surface area of culture substrate

For cell culture system, the exposed surface area of the culture substrate plays a major
role, whose influence the penetration of nutrients within the scaffold volume in the
vicinity of cells. In the present study, the exposed surface area shown significant influence
on the cellular behaviour and morphology of cultured cells. Cells grown on the larger
surface area were generally corresponding to the physiological relevance to their in vivo

counterparts. Further, the close association between the adjacent cells in the co-culture
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construct indicative of the establishment of an intercellular network between two cell

populations of distinctive morphology.

6.1.3 Optimal cell seeding density

The seeding density in the cell culture system is important to ensure the optimal
intercellular interactions between cells. For instance, AM co-cultures entrapped within
collagen matrices in a 1:1 ratio at the total seeding density of 4.0 x 10° cells/mL is the
optimal seeding density before the gel shrinkage and presented with the optimal

intercellular interactions.

6.2 Validation of the 3D model
6.2.1 Differentiation of pre-osteoblastic cells

At present, the in vitro differentiation of osteoblastic cells cultured in 3D cultures have
been reported by researchers to represent the physiological bone environment and offer a
number of related biomedical applications (Ferrera et al., 2002; Woo et al., 2011;
Prideaux et al., 2014). However, there were only a few reports of the similar studies on
pre-osteoblastic cells, especially the uncommercialized KUSA/AL cells. In the present
work, the established 3D in vitro collagen type | gel cell culture model characterizes the
cultured pre-osteoblastic cells in inducing condition and allows in vitro studies of the
differentiation of these cells in 3D cultures, which better represent the physiological bone
environment compares with 2D cultures. Furthermore, the in vitro model as established
in the present work demonstrated and characterized the developmental of osteoblastic
cells. The model better exemplified the pre-osteoblastic cells at each stage of
differentiation process, which would be represented by cells which have been in 2D

cultures for at least 5 days after confluency in inducing conditions.

By using 3D in vitro cell culture model, this present work demonstrated for the

first time the morphological and behavioural characteristics of the selected pre-
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osteoblastic cell lines, which were previously not visible in conventional 2D cultures. In
the present study, the designed 3D in vitro model in a mineralizing culture condition
enhanced the differentiation of pre-osteoblastic cell line, KUSA/AL cell into an
osteocalcin, osteopontin and BSP expressing, mature osteoblast-like cell. In addition,
cells in 3D inducing conditions expressed mature osteoblast markers and mineralized

extracellular matrix within a shorter culture period compared to the cells in 2D cultures.

6.2.2 Modulation of 3D in vitro culture model
6.2.2.1 3D in vitro pre-osteoblastic cell monocultures

Modulation of the 3D in vitro pre-osteoblastic cell culture model possible to improves
the model and maximise its role in the in vitro studies and biomedical application. Hence,
it is possible that the model as developed in the present work could be targeted for the
studies of a spectrum of bone disease. The establishment of an in vitro culture model
better recapitulate of the in vivo osteoblastic differentiation and maturation is very
important for a better understanding of the development and progression of related bone
diseases and also fuel development of new treatment regimens. The work as described
addressed this concept by investigating the growth of different pre-osteoblastic cell lines
in the model developed. This study has selected three different pre-osteoblastic cell lines
to assess the morphological and behavioural characteristics of cells in 3D collagen
matrices, possible to establish and study stromal variation in the role of stromal-tumour
cell interaction in impaired bone formation as well as the enhanced bone resorption in

odontogenic tumours, especially ameloblastoma.

In the present work, the established 3D monoculture of pre-osteoblastic cell lines:
KUSA/AL, MC3T3-E1 and ST2, revealed that these cell lines have an appearance of a
typical fibroblastic cell in 3D collagen matrices. However, the most extensive growth in
the 3D model as developed in the present work was best demonstrated by KUSA/AL cell

line. Both KUSA/AL and MC3T3-E1 cells in 3D monocultures after incubated for 3 days
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exhibited either a spindle or round shape in their appearance. These unique features of
cellular morphology revealed the dynamic cell morphology and movement of cells across
and into the structure of the collagen, probably due to the intercellular interactions or
possibly the rearrangement of collagen fibres by the cellular contractile forces.
Furthermore, the nature of 3D model allows enhanced cell-to-cell contacts and their
subsequent cellular interaction as well-depicted by colonies of closely packed cells in
KUSA/A1 and MC3T3-E1 monocultures after incubated for 7 days. Taken together, these

factors give rise to collective cell movement of cultured cells in a self-organized manner.

There was an outgrowth of proliferating KUSA/AL cells across and within the 3D
collagen gels. Virtually, there were no obvious differences in the intensity and cellular
distribution of MC3T3-EL1 cells and ST2 cells in the developed 3D culture, probably due
to the inhibitory effect of collagen gel on the proliferation and migration of MC3T3-E1
cells and ST2 cells. Besides, 3D in vitro monocultures of KUSA/AL1 cell incubated for 14
days in mineralization-inducing media, showed calcification of the extracellular collagen
matrix (ECCM). Collagen-containing scaffolds had reported to enhance the cellular
attachment and proliferation (El-Jawhari et al., 2016). However, 3D cultures of all pre-
osteoblastic cell lines in collagen gel limited to 14 days, possibly due to hypoxia-caused
cell death and/or the difficulty with medium penetration to cells deeper inside the
construct. The present study highlighted the suitability of selected pre-osteoblastic cell
lines for use in the developed 3D culture system. Collectively, the developed 3D model
in the present study is a culture system best for KUSA/AL cells. Such cell cultures allow
better evaluation of cellular growth and morphology of KUSA/AL cells, probably due to
the existence of better cell-to-cell and cell-to-matrix interactions that potentially exert a

synergistic effect on the proliferation and differentiation of KUSA/AL cells.
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6.2.2.2 3D in vitro ameloblastoma cell, AM-1 cell monocultures

The 3D growth of ameloblastoma, AM-1 cells in collagen matrix as in the developed
model morphologically mimicking of the epithelial cell. AM-1 cells degraded the
collagen matrix and expanded over the gel with a slower proliferation rate, which is
consistent with the slow-growing but locally aggressive nature of AM tumour cells in
vivo. demonstrated typical features of in situ ameloblastoma cells. The nature of
infiltrativeness in AM-1 cells stimulates hypoxia-caused cell death and/or nutrient
deficiencies with difficulty in medium penetration to cells deeper inside the construct,
leads to unsteady growth of individual AM-1 cell and cell survival up to 14 days (Riffle

etal., 2017).

6.3 Co-culturing cells

The previous study by Eriksson et al. (2016) proposed the utility of the 3D in vitro
model that incorporates AM tumour cells and human osteosarcoma (HOS) cells in the
assessment of the impact of co-culture environment on AM tumour cells and their
subsequent interactions on bone turnover. In the in vitro AM co-culture model developed
by Eriksson et al., AM-1 cells seeded in collagen type | gel was placed next to 14-day-
old bone-like scaffolds constructed from HOS cell line seeded in a separate collagen type
I gel with acellular collagen gel as supporting layer formed the basis of the 3D cellularized
model. However, a non-cancerous cell line is required to improve the 3D co-culture model
in order to validate the AM growth and invasion. Therefore, an osteoblast model as
developed in the present study by co-seeding both AM-1 cells and KUSA/A1L cells in a
collagen type | gel aimed at investigating tumour-osteoblast interactions in order to gain

some insights into the biological behaviour of this enigmatic neoplasm.

6.3.1 Evaluation of 3D in vitro osteoblast-AM co-culture model
Although it is evident that tumour-stroma crosstalk appears to play a significant role

in tumour progression and resistance to therapeutic agents causes high attrition rate, few
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in vitro models are available to examine these interactions in odontogenic tumours,
especially ameloblastoma. 2D monocultures of AM tumour cells in which 3D co-culture
set-up is lacking reduce its efficacy in minimizing the gap between in vitro cell culture
models and their in vivo counterparts. Eriksson et al. (2016) have developed a novel in
vitro AM organotypic co-cultures model for the characterization of AM tumour
pathogenesis, growth and gene expression. Intriguingly, the model provided indications
of AM towards bone absorption mechanism in the presence of human osteosarcoma cells.
In the present work, AM co-culture model was developed from osteoblastic cell line to
monitor intercellular interactions between the two cell types in the 3D in vitro co-culture
setting and the role of these interactions on tumour progression. Data from the experiment
comparing the AM co-culture model based on different pre-osteoblastic cell lines used
putatively indicated that osteogenic differentiation rate exerts a differential impact on the
interaction between tumour cells and osteoblasts. Using this model, it is revealed that
osteogenic differentiation of osteoblastic cells potentially influences the tumour cell

survival and therapeutic responses of the related therapeutic agents.

Upon co-cultivation of AM-1 tumour cells with different pre-osteoblastic cell lines in
separate collagen gels, the morphology of the two cell types in the co-cultures was found
to be from distinct sets of AM co-cultures. In fact, the co-culturing cells in some set of
AM co-cultures arranged differently as monocultures indicating that there may be factors
influencing the cell organization in co-cultures. In the present work, it is revealed that the
organization of cells in AM-1 and KUSA/AL co-culture can best address the tumour-
osteoblast interaction in AM. As reported by Sellmyer et al. (2013), reporter cells in the
in vitro co-culture assay, in closest proximity to the activator cells emitted the strongest
signal. Accordingly, KUSA/A1 cells in close proximity neighbouring the AM-1 cells in
the co-culture suggested that, cells within the matrix, in close proximity to each other can

spatially catalyse the cellular interactions in co-culturing cells. Furthermore, cell-cell
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direct physical contact was reported to play important roles in the mechanisms of cancer
invasion through adhesion molecules such as N-cadherin (De Wever & Mareel, 2003).
Hence, co-culture system was preferentially employed since it is possible for the study of
cell-cell interactions by both paracrine and direct cell-cell contacts in cancer
microenvironment, potentially contributes to the prognosis and testing of therapeutic

responses of candidate drugs.

6.3.2 Effect of differentiation state of osteoblastic cells on AM co-cultures
KUSA/AL, MC3T3-E1 and ST2 apparently differed in calcium accumulation rates.
KUSA/AL form mineralized nodules 3 days after confluency in the inducing condition.
However, MC3T3-E1 and ST2 cultured in the 2D culture system in the inducing condition
formed these nodules on day 20 and day 24 after confluency. Although the absence of
comparison between the calcium accumulation rate of pre-osteoblastic cells in 3D
collagen gel, the difference in calcium accumulation rate of two-dimensionally-cultured
cells indicated that the pre-osteoblast differentiation rate was remarkably different in
distinct pre-osteoblastic cell lines. In the present study, we found that KUSA/A1 cells
have the remarkable osteoblast differentiation rate amongst the pre-osteoblastic cells
cultured in 3D collagen gel in inducing condition, which is consistent with the data
obtained from 2D cultures. Further, our results demonstrated that AM co-cultures are best
addressed by AM-1 and KUSA/AL cells. These findings indicated that intercellular
interaction between KUSA/Al and AM-1 in the developed 3D co-culture model are
enhanced during in vitro differentiation of KUSA/A1 that accompanied by expression of

proteins that potentially promotes the survival and activation of AM-1 cells.

The secretion of soluble factors, such as cytokines and growth factors by tumour
cells as well as the stromal cells into the microenvironment promotes tumour growth and
invasiveness. Therefore, cell-to-cell communication through cytokines between stromal

cells and tumour cells play important roles in providing a favourable microenvironment
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favourable for tumour growth and progression. Interleukin-6 acts as a differentiation
accelerator in pre-osteoblastic cells (Li et al., 2008). A study conducted by Fuchigami et
al. (2014) demonstrated that the in vitro cell-to-cell communications in ameloblastoma
are activated reciprocally through IL-6. AM cells induce the surrounding osteoblasts to
produced IL-6. Reciprocally, 1L-6 from osteoblasts promoted the cellular motility and
proliferation of AM cells. Taken together, these findings suggested that the increased
expression of IL-6 receptor during in vitro differentiation of pre-osteoblastic cells could
affect the extension of ameloblastomas. In conclusion, the differentiation of KUSA/A1
cells leads to the initiation of intercellular interactions between KUSA/AL cells and AM-
1 cells in the developed 3D in vitro culture model to provide a microenvironment that

enhanced the invasion and growth of ameloblastoma.

6.4 Cell-mediated hydrogel contraction

Collagen | hydrogels have been the most common matrices used in 3D in vitro cell
culture model and its mechanical properties is a popular measure of cell activation. In
these models, the interplay of cell shape and cell-matrix interaction lead to cell-mediated
gel contraction and the subsequent changes in cell volume. In the present work, control
gels without cells did not shrink throughout the culture period. In contrast, collagen gels
with higher cell seeding density shrank more rapidly and detached from the well walls.
These results clearly indicated that the combined influence of cell proliferation and cell-
matrix interaction on collagen gel contraction in a time-dependent manner. Hydrogels
showed extensive shrinkage and reduction in gel volume after incubated for 21 days. As
aresult, cells seeded in these gels appeared unhealthy. Accordingly, these findings imply
that massive shrinkage and reduction of gel volumes lead to considerable cell death causes
the decrease in the number of viable cells. In explicit, hydrogels are capable of supporting
survival of cultured cells even after gels started to condense and shrink. However, the

increased stiffness of the gel as gel shrinks could have a significant effect on both
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proliferation and differentiation of cultured cells (Mathieu & Loboa, 2012; Hwang et al.,

2015).
6.5 Validation of cell-cell interactions
6.5.1 Inhibition of osteogenic differentiation of pre-osteoblastic cells

We investigated the properties of pre-osteoblastic cell lines in 3D collagen gels. These
cell lines have a unidirectional potential for osteogenesis in the inducing condition and
their osteogenic potential were compared by mineralization activity. KUSA/A1 had a
high ability for osteogenesis in the in vitro inducing condition. The osteogenic ability of
KUSA/AL was remarkable; it showed mineralization within 14 days in 3D collagen gel,
whereas MC3T3-E1 and ST2 do not demonstrate any mineralized nodules over the
culture time, indicated that these cell lines had a relatively low ability for osteogenesis.
The rapid calcium deposition suggested that the KUSA/A1 completely differentiated into
an osteoblastic cell with strong mineralization ability and high ALP activity of in the

inducing condition.

KUSA/AL showed reduced mineralization ability in co-culture construct with reduced
mineralized matrix deposition, suggesting that the presence of AM-1 impairs osteoblast
mineralization. In the present study, AM-1 cells within the collagen matrix in the 3D in
vitro co-culture construct are morphologically and histochemically mimicking AM
behaviour in vivo. The invasive nature of AM tumour cells was also demonstrated, in
which AM tumour cells significantly reduced bone formation by interacting with the
osteoblastic cells in the co-culture construct. These cell-to-cell contact-dependent
mechanism mediated by cytokines directly act on osteoblastic cells in an
autocrine/paracrine fashion and form a vicious cycle leading to extensive bone
destruction and ameloblastoma cell expansion. A study conducted by Sathi et al. (2009)
demonstrated that the secretion of sFRP-2 by ameloblastoma cells to the

microenvironment is responsible for the decreased ALP activity and suppressed bone
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formation in ameloblastoma disease. The sFRP-2 secreted by AM tumour cells probably
blocks the canonical Wnt signalling, resulting in the continuation of cell proliferation
without osteoblastic differentiation. In the developed 3D co-culture model, the co-
culturing cells within the collagen matrix in close proximity to each other spatially
catalyse the cellular interactions and stimulated cell-to-cell contact-dependent
mechanism, which impairs the osteoblastic mineralization and plays a great effect on AM

tumour growth and progression into the adjacent tissues and the cancellous bone.

6.5.2 Cellular nesting of AM tumour cell

The co-culture model for tumour-stromal interaction is advantageous and thus gained
increasing attention because it allows physical contact between cells of interest and the
subsequent homotypic communication and heterotypic interactions, increased
physiological relevance of cellular microenvironment to their in vivo counterpart.
Although conventional 2D monocultures have been for long the most popular in vitro
models for cancer research, but only recently the in vitro 3D co-culture models have been
used extensively to mimic the natural tumour microenvironment due to its physiological
relevance. 3D co-culture model comprises of two different cell type of cancer tissues
allows the evaluation of cell-cell interactions in these cancer microenvironments. The
reciprocal interaction between breast cancer cell and cancer-associated fibroblasts
(CAFs) in a 3D co-culture system promoted an increase in fibroblast membrane packing
density and enhanced the fluidity of cancer cell membrane, determined a definite

increment in tumour cell migration velocity and directionality (Angelucci et al., 2011).

AM-1 cells within the collagen matrix in monoculture configuration are
morphologically and histochemically mimicking epithelial cell, confirming the epithelial
origin and epithelial nature of AM-1. AM-1 in co-culture construct has retained its
epithelial nature and characteristics. Further, AM-1 showed tumour nest configuration in

co-culture construct, suggested that the heterotypic cellular communication between AM-
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1 and KUSAJ/AL cells in the in vitro 3D co-culture construct. The physical contact
between AM-1 and KUSA/ALl stimulates the subsequent heterotypic cellular
communication, in which leads to the cellular nesting of AM-1 that tends to correlate with
the aggressiveness of the tumour. Expectedly, the presence of tumour nest may predict a
poor prognosis for the patient with AM. Further, these AM-1 tumour nest configurations
may reflect the promotion of AM tumour cell proliferation and invasiveness as a result of
strong interaction between tumour and host cells (Nakanishi et al., 2001). Thus, cellular
nesting of AM-1 is corresponded to the behaviour of tumour cells against stromal cells,
indicated of active tumour-stromal interaction, correlated well with the aggressiveness of
the AM tumour. Moreover, it is well acknowledged that the tumour nest tend to infiltrate
among cancellous bone trabeculae at the tumour margin, reflective of the osteolytic ability
and aggressive behaviour of AM (Zhong et al., 2011). The in vitro 3D co-culture model
as developed in the present study revealed the heterotypic interaction between two
different cell types, AM-1 and KUSA/AL in the collagen matrix in promoting AM tumour

aggressiveness.

6.6 Osteogenic markers expression of 3D cultured osteoblastic cells
Bone-forming mononuclear osteoblasts are derived from undifferentiated
mesenchymal precursor cells. There are three major stages of osteoblastogenesis in the
osteoblastic cell: proliferation, matrix maturation and mineralization, characterized by the
sequential expression of distinctive osteoblast markers. Osteopontin (OPN), bone
sialoprotein (BSP) and osteocalcin (OCN) are the most frequently used markers of the
osteoblast differentiation process. In general, BSP is the early marker of osteoblast
differentiation, while OCN expressed later and concomitantly with mineralization.
However, OPN is osteogenic marker expressed in the middle stage of differentiation that
peaks twice, once during proliferation and in the later stages of differentiation (Huang et

al., 2007). In the present study, the characteristics of cultured KUSA/AL cells are
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mesenchymal origin and their mesenchymal nature are confirmed by strong
immunoreactivity for vimentin in contrast to negative cytokeratin expression. Further, the
differential expression of osteogenic markers, osteocalcin (OCN), osteopontin (OPN) and
bone siaoloprotein (BSP) in KUSA/A1 monoculture indicates their stage of osteogenesis
in 3D collagen gel. KUSA/AL in 3-day culture showed BSP expression but negative OPN
expression. In contrast, OCN deposition on the collagen matrix was negative, which may
reflect early osteoblastic differentiation of cultured KUSA/AL in the inducing condition.
KUSAJ/AL in 3D in vitro collagen gel matured over time, showed OPN and OCN
deposition on the collagen gel in 14-day culture, which indicated the late stage of
osteoblastic differentiation. The mesenchymal nature of KUSA/A1 retained in co-culture
construct. However, lower OPN staining intensity and negative OCN deposition on the
collagen gel in 14-day culture suggests the reduced osteogenesis ability of KUSA/AL in
co-culture construct. On the other hand, the characteristics of cultured AM-1 cells are
epithelial origin and their epithelial nature are confirmed by strong immunoreactivity for
cytokeratin in contrast to negative vimentin expression. The epithelial nature of AM-1
and mesenchymal nature of KUSA/A1 retained in co-culture construct. Osteocalcin, a
major non-collagenous extracellular protein that play an important role in bone mineral
deposition and its expression is restricted to osteoblasts. Surprisingly, OCN also
expressed by AM-1 cells cultured in 3D collagen gel in the inducing condition. The
heterogenous aberrant osteocalcin expression in AM-1 cultures suggest that AM-1 in
collagen matrix in mineralization medium might stimulated osteocalcin promoter activity
and that these increased promoter reporter activities corresponded with the endogenous

OCN expression in 3D in vitro cultured AM-1 cells (Gardner et al., 2009).

6.7 Excessive osteoblast proliferation in co-culture construct
The canonical pathway (or Wnt/B-catenin pathway) is especially known to affect the

differentiation of osteoblasts. Wnt inhibitors, secreted Frizzled-related proteins (SFRPS)
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block the binding of Wnt ligands to the Frizzled (Fz) receptor, act either by binding
directly to Wnts or form non-functional complexes by dimerizing with Fz proteins. The
SFRPs prevent the nuclear translocation of the transcriptional regulator, B-catenin,
resulting in the inactivation of the canonical Wnt signalling pathway and the subsequent
inhibition of osteoblastic differentiation.

The relative ratio of AM-1 cell and KUSA/A1 cell in the 3D in vitro co-culture
construct suggested the excessive proliferation of KUSA/AL in the presence of AM-1,
which is in consistent with the study conducted by Sathi et al. (2009) demonstrated that
KUSAV/AL cells cultured in conditioned medium of AM-1 showed high cell proliferation.
In the present study, it suggests that the heterotypic cellular interaction between
KUSAJ/AL and AM-1 as a consequence of physical contact through the expression of
cytokines in AM-1 that served as an important factor responsible for suppressed
osteoblastogenesis in KUSA/AL. Sathi et al. (2009) reported that depletion of sSFRP-2 in
conditioned medium of AM-1 rescued the KUSA/Al-mediated matrix mineralization.
Further, sSFRP-2 was reported to inhibit apoptosis in the mammary tumour (Lee et al.,
2004). Collectively, the relative abundance of KUSA/AL in the co-culture construct
indicates the excessive proliferation of KUSA/AL in the presence of AM-1. The
intercellular interaction between KUSA/A1l and AM-1 potentially activated the
expression of cytokine, for instance, sFRP-2 that acts in both autocrine and paracrine
manner blocking the Wnt/B-catenin pathway, halted osteoblast differentiation into mature
osteoblasts and reduced apoptosis, leading KUSA/A1 cells to continue to proliferate
excessively without differentiation. Taken together, the present study emphasizes the
relevance of intercellular interaction between osteoblast and AM tumour cell in

ameloblastoma towards the tumorigenesis.
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6.8 Limitations
6.8.1 3D gel substrate

Collagen-containing scaffolds were superior compared to the hydrogel in supporting
the survival and characterization of the cultured cells. In addition, collagen is the major
organic component of bone matrix and therefore collagen scaffold could effectively
function as a suitable scaffold in a bone environment. However, the rigidity of the
collagen gel has a great effect on the cell motility across the gel. Therefore, the
concentration of collagen needs to undertake to ensure the motility of cells in the collagen
gel for direct physical contact with one another and the subsequent cell-to-cell

interactions.

6.8.2 Cell seeding densities

In the present study, initial experiments with varying KUSA/A1 cell seeding densities
were undertaken. The outcome of the work clearly indicated that different cell seeding
densities performed distinctively in the 3D in vitro model. However, it is laborious and
difficult to determine the optimal seeding density into the 3D collagen gel as developed.
In a co-culture system, the population ratio and the evenly distribution of cells within the
scaffold are the key challenges. It is crucial to ensure the even distribution of cells
throughout the 3D collagen gel at the time of set up to accurately model the intercellular
interaction between the co-cultured cells. Therefore, further work is required to optimize
the cell seeding density for the developed 3D in vitro model with optimal tumour-

osteoblast heterotypic cellular communication without gel shrinkage.

6.8.3 Penetration of medium into gels

The exposed surface area of the culture substrate possibly modulated the diffusion of
culture medium in the vicinity of the cultured cells in 3D collagen gel. The cellular
behaviour and morphology of cells in different exposed surface area were compared and

a larger surface area is corresponding to the physiological relevance of the cultured cell
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to their in vivo counterparts. Further work requires to undertake the exposed surface are
of culture substrate to ensure the optimization of the penetration of culture medium within

the collagen scaffold for the growth of cultured cells.

6.8.4 Interspecies differences

Findings in the present study have intrinsic limitations. This preliminary study is
influenced by the identities of the cell types being studied, and other pairs of human-
mouse ameloblastoma-osteoblast cell populations might exhibit greater or lesser
differences than the pairs of cells in the present work. These interspecies differences may
compromise or confound attempts at relating the cellular interaction between
ameloblastoma tumour cells and osteoblastic cells. Despite of interspecies effects, the
potential significance of these findings is indicated by the observations that the
osteogenesis ability of osteoblastic cells used here may be key concerning to the
aggressiveness of ameloblastoma tumour cells. In order to increase the physiological
relevance of the present study to the in vivo ameloblastoma tumour microenvironment,
an improved version of the in vitro 3D AM co-culture model with eliminated interspecies
differences is required to address the biologically appropriate cell-to-cell interactions and
to examine the stimulatory effects of these interactions on the osteogenesis ability of
osteoblastic cells and ameloblastoma growth and progression, which would have a

significant prognostic and therapeutic benefit.

6.9 Future studies

The present work describes the development of a 3D in vitro culture model of AM.
Collagen, an abundant extracellular matrix protein in the bone and hence it served as the
basis for the culture model in the present study. This 3D in vitro culture model of AM
enables the characterization of tumour-stromal interaction in AM towards the
tumorigenesis. In addition, KUSA/AL cells in the collagen gel provided a model closely

reflect the osteoblastic differentiation of the osteoblastic cell.
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The present study provides indications of AM towards the destruction of bone
remodelling as we have shown a reduced mineralized matrix and the presence of cellular
nesting in the AM co-culture. Nonetheless, further studies are necessary in order to pin-
point a specific cytokines or growth factors interplay of AM tumour cell and osteoblast
interactions. Additionally, the levels of gene expression related to the osteoblastic
differentiation, bone remodelling, invasiveness and/or aggressive of AM in the co-
cultures are also needed to implicate the role of tumour-stromal interaction in AM tumour
growth and progression. Nevertheless, the incorporation of the developed AM-1 co-
cultures into mouse calvaria is important to validate the physiological relevance of the
findings discovered via the 3D in vitro model in a relevant in vivo model, taking into
account the intercellular interactions of the additional host cell types in the tumour
microenvironment, endocrine effect of growth factors and cytokines, immune reaction
and specific physiological conditions that able to influence the tumour-stromal

interactions in the AM.
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CHAPTER 7: CONCLUSION

The present study reveals for the first time, the intercellular communication between
ameloblastoma tumour cell and osteoblast. Topographic closeness as observed in the co-
culture model indicates the presence of heterotypic cell-cell interaction between tumour

cell and osteoblast.

Amongst the in vitro 3D co-culture model developed, only AM-1/KUSA-AL1 co-
culture model demonstrated an optimal cell growth and cell-cell communication that
found absence in other models. Furthermore, ameloblastoma tumour cells in this model
are morphologically and behaviourally mimicking AM in vivo, indicated the suitability
of AM-1/KUSA-AL co-culture model as the best in vitro 3D co-culture model in

reflecting the ameloblastoma-stromal interactions in ameloblastoma disease.

Intercellular communication between ameloblastoma tumour cell and stroma creates a
local microenvironment that has a promotive effect on tumour survival and tumour cell
growth but growth inhibitory effect on osteoblasts. These ameloblastoma-osteoblast
interactions also induce morphodifferentiation of ameloblastoma tumour cells and
contribution to the deregulation osteoclastogenesis and thus the subsequent altered local
bone metabolism. A working model can be proposed to demonstrate the intercellular
interaction between ameloblastoma tumour cells and osteoblast and the outcome of this

interaction on morphological and behavioural changes of participating cells (Figure 7.1).

In conclusion, the present study successfully established an in vitro 3D co-culture
system to stimulate an amelobastoma disease model. This model provides insights into
the tumour-osteoblast interactions and the contribution of these interactions on tumoral

growth and bone turnover of this enigmatic neoplasm.
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Figure 7.1: A proposed model of ameloblastoma-osteoblast interaction.

Schematic representation of the cellular interaction between AM tumour cells and pre-
osteoblastic cells and the subsequent outcome of the interaction on morphological and

behavioural changes.
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