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Abstract 
 

Introduction: Ameloblastoma is a benign yet aggressive tumour of the 

jawbones causing bone resorption and has a high rate of recurrence after 

surgery. The precise molecular mechanisms driving ameloblastoma 

remain unclear and it is critical to study the association between 

ameloblastoma and its native bone microenvironment if we are to 

develop new therapeutic interventions. Current 3D ameloblastoma in 

vitro models lack an active bone component and there is no 3D bone 

model which canß biomimetically recapitulate active bone formation.  

 

Methods: First, an in vitro 3D ameloblastoma model was established and 

characterised the ameloblastoma cell lines within. Then a novel active 

bone-forming stroma model (3D bone stroma model) was created, and 

fully characterised bone nodules produced therein. The ameloblastoma 

tumour mass was placed on top of active 3D bone stroma compartments 

and conducted gene work to understand the genetic alterations in bone 

cells as well as ameloblastoma cells.   

 

Results: 3D tumouroid model successfully mimicked the ameloblastoma 

tumour microenvironment and native subtype cell morphology and 

caused ameloblastoma cells to produce more bone resorption proteins in 

earlier days. Then, a novel active bone-forming model was developed by 

forming bone nodules in 3D stiff matrix with high collagen density. This 

model allowed detection of early and late bone formation markers. The 

compositional and structural characterisation of the bone nodules was 
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completed. The 3D bone stroma was used as a compartment of 3D 

ameloblastoma tumouroid model. This compartmentalised model 

showed that ameloblastoma directly inhibits bone nodule formation by 

targeting osteoblast differentiation genes and bone matrix development 

genes.  

 

Conclusion: The development of the first 3D ameloblastoma tumouroid 

model with of active bone stroma provided novel information about 

ameloblastoma microenvironment and some of the mechanisms 

associated with bone damage. The genes involved in ameloblastoma-

induced inhibition of bone formation were identified. Further work is 

ongoing in order to include osteoclast-like cells in the 3D model, with a 

view to increase its biomimetic complexity, study the interaction between 

ameloblastoma cells, active bone formation cells, and osteoclasts, and 

explore potential drug targets.  
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The dynamic bone model itself can be used to study not just different 
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Aims and Objectives 

This work aimed to develop a 3D in vitro ameloblastoma tumouroid model 

to understand the underlying molecular mechanisms driving 

ameloblastoma progression. First, we engineered a multi-compartment 

model composed of a tumour mass and acellular stroma. Cell lines from 

the two most common ameloblastoma histopathological subtypes were 

used to create tumour masses. Each cell line was characterised in 3D 

based on their invasion patterns, and the bone resorptive markers that 

they expressed. To assess the biomimicry of the model, histological 

analyses of patient samples were used as comparators. To recapitulate 

the ameloblastoma tumour microenvironment, a novel 3D bone forming 

stroma was developed. To verify that the nodules produced in this stroma 

were actual bone, several well-established characterisation techniques 

were used. The ameloblastoma tumour mass was introduced on top of 

the bone-forming stroma to look at the association of ameloblastoma 

cells with the bone stroma. One of the main focuses of this work was to 

identify bone formation gene markers affected by ameloblastoma. 
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Contents of this Thesis 

The contents of this thesis show development of a 3D ameloblastoma 

tumouroid model to understand how ameloblastoma interacts with its 

bone microenvironment. The cell lines from the two most common 

ameloblastoma histopathological types were used to create the tumour 

masses. A novel active bone-forming stroma was developed to resemble 

the bone environment to study ameloblastoma action on bone 

remodelling. This work was based on a combination of multiple fields, 

thereby, initially, a literature review was completed. The context of this 

work was determined upon the information gathered about tooth 

formation, bone remodelling, ameloblastoma, and 3D models. The 

current gaps in these fields have been spotted and the experiments were 

designed to fill those gaps.  

The first experimental chapter focused on the characterisation of 

ameloblastoma cell lines in the 3D tumouroid models that were created 

specific for this thesis. The histological analysis was conducted on 3D 

tumouroids to compare histopathological patterns with their 

corresponding ameloblastoma subtype. The expression of bone 

resorptive markers by ameloblastoma cells was investigated.  

The second experimental chapter was on developing a 3D bone stroma. 

To achieve this primary rat calvarial cells were cultured in 3D stiff 

collagen matrix. Matrix stiffness and collagen density were evaluated in 

the context of bone nodule formation in 3D. To validate bone formation, 

the nodules were characterised by using well-established 

characterisation methods.  
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The last experimental chapter aimed to investigate the interaction 

between ameloblastoma tumour mass and the 3D bone stroma within the 

3D compartmentalised tumouroid model. Gene analysis was conducted 

on the ameloblastoma cells and osteoblasts separately to investigate the 

effects of ameloblastoma on osteogenesis genes and the changes 

induced by bone-forming osteoblasts on ameloblastoma cells.  

Final chapter was to conclude and discuss the entire thesis in the context 

of current literature and to direct future works.  
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Chapter One: Literature Review 

1.1 Introduction 

This chapter is divided into 4 sections. The first two present a review of 

two normal physiological processes that are essential background for 

understanding the pathogenesis and biological behaviour of 

ameloblastoma (AM): 1) dental tissue development and 2) bone 

remodelling. As teeth and bone have similar properties (1), the 

association between them is also discussed in section 2). These sections 

are followed by 3) a review of current knowledge of ameloblastoma and 

related molecular mechanisms involved in its development and also 4) a 

review of existing 3D tumour models and ameloblastoma models.  

1.2 Tooth Development and Ameloblasts 

Mammalian tooth development is based on the interactions between 

dental epithelium and ectomesenchyme, which is derived from the 

multipotent neural crest of cells (2). The well-defined stages of the dental 

tissue development (tooth organogenesis) are; 1) formation of dental 

lamina, 2) thickening of epithelium 3) the bud stage, 4) the cap stage 5) 

the bell stage and 6) eruption (3).  

The initial stage is the formation of the dental lamina, where epithelial 

cells are aligned over the mandible and maxilla. In the bud stage, the 

cells of the dental lamina start to proliferate towards the underlying 

stroma leading to the formation of a bud-like structure. This epithelial bud 

grows unevenly and subsequently assumes the shape of a cap 

connected to the dental lamina, which is also known as “the enamel 
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organ” as it will eventually develop into the cells that produce the enamel. 

The adjacent ectomesenchymal cells also start to proliferate into two 

areas: the “dental papilla”, which will differentiate into cells that produce 

the dentin and the pulp of the tooth (4), and the ‘dental follicle’, which 

surrounds both the enamel organ and the dental papilla. By the cap 

stage, three different structures make up the tooth germ: the enamel 

organ, the dental papilla, and the dental follicle. 

These morphological stages are controlled and triggered by molecular 

signalling including Wnt, Bone Morphogenic Protein (BMP), fibroblast 

growth factor (FGF) and Sonic Hedgehog (SHH), and ectodysplasin 

(Eda) pathways (5). For example, ectomesenchymal cell-derived BMP4 

triggers the formation of a signalling centre at the tip of the epithelial tooth 

bud called the enamel knot (6). The enamel knot enables the transition 

to the cap stage from the bud stage. Crosstalk between mesenchymal 

signals and enamel knot signals initiates cap and bell stages, which then 

leads to the formation of the enamel organ (3). 

The bell stage is associated with further differentiation of cell types that 

are responsible for dental tissue formation such as the enamel-producing 

ameloblasts and dentin-producing odontoblasts. The development of the 

enamel organ processes into a C-shaped bell-like structure including 4 

cell layers: the inner enamel epithelium, the stratum intermedium, the 

stellate reticulum cells, and the outer enamel epithelium (7). 

The inner enamel epithelium eventually differentiates into enamel-

producing ameloblasts whereas the ectomesenchymal cells of the dental 

papilla differentiate into dentin-producing odontoblasts. The outer cellular 

layer has either the function of nutritional and mechanical support 
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(stellate reticulum) or contributes to the formation of the cementum and 

dentin of the tooth roots (outer enamel epithelium and Hertwig’s epithelial 

root (HER) sheath. Following tooth eruption, the remnants of the HER, 

also known as ‘rests of malassez’ , are included in the normal periodontal 

ligament (8) (Figure 1). 

 

Figure 1: The stages of human tooth development. This schematic 
diagram was created from the information in (4). 

 
During the late bell stage, dentin is formed by ectomesenchyme-derived 

odontoblast and enamel, the outer layer of the tooth is produced by 

ameloblasts (9). The ameloblast cells are named after ‘amel’, which 

means enamel in early English, and ‘blastos’, which means germ in 

Greek (10). The signalling interactions between the dental epithelium and 

mesenchyme determine the fate of ameloblasts (11,12). Ameloblasts 

secrete enamel matrix proteins and induce matrix mineralisation (9,13). 

The stages where inner enamel epithelium differentiates into ameloblasts 

and its underlying dental papilla into odontoblasts, are 1) initiation 

followed by presecretory stage, 2) secretory stage, and 3) maturation 

stage (6). Differentiation begins with the polarisation of preameloblasts 

and preodontoblasts around the basement membrane. Upon secretion of 
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collagen type I-predentin by mesenchyme, preodontoblasts induce 

dentin mineralisation. When the basement membrane between 

preameloblasts and odontoblasts disappears, differentiation of 

ameloblasts begins. Secretion of dentin and enamel continues 

throughout the secretory stage and terminates in the maturation stage 

(Figure 2) (6,14).  

 

Figure 2: The stages of differentiation of ameloblasts and odontoblasts. 
This schematic diagram was created from the information in (6). 

1.3 Bone Remodelling 

Bone is composed of a mixed population of cells and mineralized ECM, 

which regulates bone remodelling. 50-70% of adult mammalian bone is 

mineral, formed of hydroxyapatite (inorganic phosphate and calcium) 

(Ca10(PO4)6(OH)2), 20-40% organic matrix, and the rest is water (by 

weight%). The mineral provided stiffness, where the organic matrix 

maintains elasticity. The hydroxyapatite forms the basis of tooth enamel 

(15,16). The organic matrix releases different growth factors including, 

fibronectin bone formation markers, osteonectin, osteopontin (OPN), and 

glycoproteins (15,17).  

Bone is a dynamic tissue and goes through different stages throughout 

human life. Bone modelling and bone remodelling are the two processes 
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controlling mineral homeostasis and skeleton formation. Bone modelling 

is composed of bone formation and bone resorption for the growth and 

adaptation of bone. Bone remodelling is responsible for the repair of the 

bone tissue and protects bone homeostasis. In healthy bone remodelling, 

bone resorption and bone formation are tightly regulated (18,19).  

Bone remodelling repairs damages occur in the cancellous bone (the 

spongy bone), in the pelvis, the ends of the long bones as well as in the 

cortical bone. In a healthy human body, 80% of the bones are cortical 

and 20% are trabecular bones. The repair mechanism cells are the 

osteoclasts, osteoblasts and osteocytes. Bone remodelling begins with 

bone resorption by osteoclasts, where they form a resorption lacuna with 

a dept of 60 µm in young people and 40 µm in old people (20,21). In a 

healthy individual, the resorption lacuna is filled with new bone through 

the bone formation by osteoblasts. Whereas in the case of diseases 

including osteoporosis, osteoblasts fail to form bone properly and this 

leads to bone loss (22).  

For a healthy cancellous bone, bone remodelling takes about 200 days. 

The bone resorption process lasts 30-40 days and the bone formation for 

150 days. The cancellous bone can be renewed fully within 2 years (18). 

Bone remodelling in the cortical bone lasts about 120 days, where 

osteoclasts get rid of damaged bone and create a cutting cone. The 

cutting cone is replaced by a closing cone by osteoblasts throughout 

bone remodelling (23).  

The mesenchymal stem cells (MSCs) differentiate into osteoblast 

progenitors followed by proliferating preosteoblasts and bone matrix-

producing osteoblasts. After bone formation, osteoblasts can remain in 
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the bone as bone-lining cells or osteocytes. Runt-related transcription 

factor (RUNX2) is the earliest osteoblastic marker and it is required for 

differentiation into osteoblasts (23). RUNX2 is responsible for the 

expression of genes including osteocalcin, vascular endothelial growth 

factor (VEGF), and receptor activator of nuclear factor kappa B-ligand 

(RANKL). Wnt signalling pathway and BMPs and hormones including 

parathyroid hormone (PTH) are important in osteoblast differentiation 

(18).  

Osteoclast differentiation and activation are mainly regulated by 

macrophage colony stimulating factor (M-CSF) and the tumour necrosis 

factor (TNF) superfamily members RANKL and its receptor RANK and 

osteoprotegerin (OPG). RANKL is a type II transmembrane protein and 

can be found in the forms of soluble or membrane-bound. Membrane-

bound RANKL can be cleaved through the metalloproteinase disintegrin 

TNF-a converting enzyme (TACE) or ADAM-10, matrix 

metalloproteinases (MMP)-7 and -14 (24). RANKL binds RANK located 

on the membrane of mature and precursor osteoclasts and this leads to 

activation of osteoclasts (25).  RANKL is sequestered by its decoy 

receptor OPG, and this leads to inhibition of osteoclast differentiation (26) 

(Figure 3).  



 31 

 

Figure 3: Summary of bone remodelling. Differentiation of osteoclasts 
from HSC in bone resorption and differentiation of osteoblasts from 
MSC in bone formation.  

 
There are also many other proteins involved in bone remodelling. One 

group is matrix metalloproteinases (MMPs) are members of the zinc-

dependent proteinases family and they degrade ECM and basement 

membrane. MMPs and cathepsin K degrades organic matrix in bone 

such as type I collagen (27).  Osteoclasts are reservoirs for MMPs in 

particular MMP-2 and MMP-9. These two MMPs belong to the family of 

gelatinases, MMP-2 is gelatinase A and MMP-9 is gelatinase B. MMP-2 

can degrade the fibrillar collagen (collagen type IV), which is the main 

component of the basement membrane (28). MMP-9, which acts as a 

proteinase in the bone resorption process. A previous study by Itoh et al. 

2002 (29), showed that the joints of patients with rheumatoid arthritis 

have high levels of MMP-2 and MMP-9, which are involved in the 

degradation of cartilage.  
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Bone remodelling occurs continuously within the alveolar bone 

throughout tooth development and enables a normal tooth development 

process which is regulated by the signals from the dental tissues (30). 

The alveolar bone resorption is part of tooth eruption and RANKL and 

BMP-2 expression within the dental follicles drive osteoclastogenesis. 

VEGF expression in dental follicles increases RANK expression in the 

osteoclasts localised in the alveolar bone (31). Besides, the bone 

remodelling within the alveolar bone, the dental tissue itself goes through 

bone resorption due to the degradation of hydroxyapatite crystals and 

organic matrix starting from the roots of the teeth (32,33). The dental 

tissue and the dental mesenchymal cell lines express OPG, RANKL, and 

M-CSF, where these factors potentially contribute to the resorption of 

dentin and extracellular matrix (ECM) (1).  

1.4 Ameloblastoma 

Ameloblastoma (AM) arises from proliferating odontogenic epithelium 

within the fibrous stroma but not from odontogenic ectomesenchyme 

(34). This epithelium is essential in tooth formation. Kondo et al. 2020 

detected overexpression of the AMTN gene in 5 out of 7 ameloblastoma 

tumours, which is mainly expressed by ameloblasts in the transition and 

maturation stages (32). Overexpression of AMTN was associated with 

disruption of the normal enamel surface structure in mice (35). These 

studies indicated that ameloblastoma arises from the ameloblasts in the 

maturation stage and high AMTN expression induces abnormal enamel 

structure, which ultimately leads to ameloblastoma (36).  

Ameloblastoma is a rare odontogenic neoplasm, that constitutes 1% of 
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oral tumours and 9-11% of odontogenic tumours (37). Although AM is 

defined as benign and slow growing, it is a locally aggressive tumour and 

can cause bone resorption and invading the surrounding soft tissues. AM 

has high recurrence rates after initial treatment, 75-90% following 

conservative treatment, and 15-25% following radical treatment. The 

recurrence rates depend on the sub-type of ameloblastoma and the 

modality of surgery. The tumour itself is radiologically defined as soap-

like or with a honeycomb structure (38,39).  

The mandible posterior area is the main location for ameloblastoma with 

up to ~80-87.2% of the cases arising in the region of the third mandibular 

molar as the source is the rests of the dental lamina. The remaining ~8.5-

20% of cases arise from the other parts of the mandible and the maxilla 

(40,41) (Figure 4). Finally, 1.1% of the cases are peripheral by means of 

the soft tissues within the tooth-bearing areas of the jaws (41). 

Ameloblastoma tends to expand in a greater area towards the 

buccolingual direction. The most common symptom for ameloblastoma 

is bone swelling, detected in 80% of the cases. The meta-analysis by 

Hendra et al. 2019 outlined the distribution of ameloblastoma location 

and the type. The other symptoms include facial deformity, pain and 

delayed tooth eruption, ulceration, soft tissue invasion, mobility of teeth, 

and displaced teeth (42).  
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Figure 4: Ameloblastoma is observed mostly in the mandible and maxilla, 
and the rests of dental lamina and the rests of malassez is the origin. 

1.4.1 Classification 

Ameloblastoma was initially classified into four main types; 

solid/multicystic, extraosseous/peripheral, desmoplastic, and unicystic 

types by the WHO 2005 classification (43). There are rare cases known 

as malignant ameloblastoma that metastasizes to local lymph nodes or 

distant organs including the brain, lung, and skin. MA has been less 

studied compared to other types of ameloblastoma (44).  

Some studies classified ameloblastoma based on the stroma type. For 

instance, tumour stroma composed of dense, hyperplastic collagen fibres 

around the tumour parenchyma was considered as fibrous type. 

Whereas, stroma with loose/edematous connective tissues with 

capillaries was described as myxoid-type (45).  

The current classification is split into 3 main groups; conventional 

ameloblastoma (or ameloblastoma itself), extraosseous/peripheral and, 

unicystic (Figure 5) (46). The terminology of solid/multicystic was 

conflicting with unicystic type and desmoplastic types were included in 

histological classification (47).  
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Figure 5: Ameloblastoma classification and well-defined histological 
types based on WHO, 2017 (46). The prevalence percentages are from 
the meta-analysis of all ameloblastoma cases 1969-2018 (41).   

 

1.4.1.1 Conventional ameloblastoma 

The first type, conventional ameloblastoma, is a benign tumour of the jaw 

and develops from the rests of the dental lamina inside the gingiva (48). 

The conventional ameloblastoma constitutes 10% of all odontogenic 

tumours in the jaw (49). Among all ameloblastoma cases recorded 

globally from 1969-2018, 67.7% of the cases are conventional 

ameloblastoma (41). It is equally seen in men and women and more 

common in younger adults (average age: 35 years) (37). The lesions are 

slow-growing and invade through the cortical bone.  

The conventional ameloblastoma presents mixed and complex 

histological patterns (Figure 6). The histopathological patterns include: 

follicular, plexiform, acanthomatous, basal cell, granular, and 

desmoplastic ameloblastoma (DA), and these types can also be found in 

combination. As a common feature of the ameloblastoma histological 

patterns, the tall columnar cells with reverse polarity of the nuclei and 

sub-nuclear vacuoles, create a peripheral ameloblasts (50). The most 
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common types are the plexiform (24.7%) and the follicular (24.8%). 

Whereas acanthomatous (5.7%), basal cell (0.4%), and granular (2.5%) 

are less common (41). The histopathological types are not related to 

prognosis. However, certain types are associated with different 

recurrence rates, such as follicular type as the highest (29.5%), whereas 

the acanthomatous type has the lowest (4.5%) (51).  

There are also less common histological types, including papilliferous-

keratotic type, clear cell type, and mucous cell differentiation type (52).  

The follicular type is characterized by small islands composed of 

peripheral layer of cuboidal or columnar cells where cysts can also 

develop. Whereas the plexiform type presents the formation of 

anastomosing cords by the double layers of columnar cells (53). Tumours 

are included under acanthomatous type when there is squamous 

metaplasia and keratin formation in the centre of odontogenic islands of 

follicular ameloblastoma (54).  There is formation of cell sheets rather 

than columnar appearance in the basal type, and the desmoplastic 

variant is characterised with its dense collagen stroma (51). 



 37 

 

Figure 6: Most common histopathological types of ameloblastoma.  
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1.4.1.2 Extraosseous/peripheral Ameloblastoma 

Unlike conventional ameloblastoma, the growth extraosseous/peripheral 

ameloblastoma only occurs within the oral soft tissues/connective tissues 

of the dental lamina and tend to invade the underlying bone (55). It is less 

common and accounts for only 1.0% of the ameloblastoma cases 

globally (41). This type presents at a later age than conventional 

ameloblastoma (mean age: 52.1) and is more common in males (male: 

female, 1.9:1). The histological characteristics are almost similar to 

conventional ameloblastoma (56).  

1.4.1.3 Unicystic ameloblastoma 

The second most common type is the unicystic ameloblastoma (UA) 

compromises 26.2% of all ameloblastoma cases (41). The cystic 

appearance makes the UA distinguishable from the other types of 

ameloblastoma. However, histologically, it has the same characteristics 

of ameloblastoma epithelium within the cyst cavity (57). In the WHO 2005 

classification, the UA cases were suggested to comprise 5-15% of total 

ameloblastoma cases with a mean age of 16, which is much lower than 

conventional ameloblastoma age and with a male: female ratio of 1:1 

(57). The recurrence rates are considerably high and change between 

6.7-35.7% within an average of 7 years.  

The cystic nature of the UA leads to degeneration of the enamel 

epithelium, and thereby, a thinner enamel epithelium is common among 

the UA patients compared to conventional ameloblastoma patients (58). 

The UA can show a range of unilocular radiological appearances (58).  

The histopathological classifications are based on whether the cyst cavity 
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is with or without the luminal or mural tumour proliferation or both (52).  

1.4.2 Demographics 

Ameloblastoma rates vary depending on the geographic location. It is the 

most common odontogenic tumour in China and Africa and the second 

most common in the USA and Canada (40).  

The majority of the ameloblastoma studies are case reports from 

separate geographical locations. There are only a few meta-analysis 

studies exploring the global ameloblastoma incidence rate.   

Reichart et al. 1995 (43) looked at 3677 ameloblastoma cases globally 

in the years between 1960-1993. The majority of the cases were from 

Japan, Nigeria, and the USA. The mean age was 35.9 years, where 

males’ average age was higher than females (male: 39.2, female: 35.2, 

p-value<0.05). Black people were younger at diagnosis (29.7) than 

Caucasians (39.9) and Asians (41.2). The average age for developing 

ameloblastoma was lower in developing countries (27.7) than in 

industrialised nations (39.1, p-value=0.001).  

Recently, a meta-analysis study collected the incident rates reported 

from Europe, Africa, and Australia between 1969-2018 (41). In total, 

there were 3,427 cases. The male: female ratio was 1.14:1 (53.2% male) 

(p<0.001).  
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Country Study Year 
of 
Study 

Incidence 
(per 
million) 

Sex 
(Male: 
Female) 

Age 
(Mean, 
Range) 

Ethnicity 
(% 
patients) 

Sweden (59) 1958-
1971 

0.60 N/A N/A Caucasians 

Nigeria (60) 1960-
1983 

1.65 
13.80 (per 
hospital per 
year) (60) 

1.32:1 
(60) 

N/A Africans 

(61) 1980-
1995 

0.35 
16.60 (per 
hospital per 
year) (61) 

1.62:1 
(61) 
 

31.2 
(61) 

Africans 

(62) 2009-
2012 

0.76 1.17:1 32.36 Africans 

Witwatersrand, 
South Africa 

(63) 1965-
1975 

1.96 (Black 
male) 
1.20 (Black 
female) 
0.18 (White 
male) 
1.44 (White 
female) 

1.96:1.20 
(Black) 
0.18:1.44 
(White) 

30-39 Black and 
White 
Africans 

Kuala Lumpur, 
Malaysia 

(64) 1967-
1991 

16.00 (per 
hospital per 
year) 

1.14:1 30.8 Malays 
(50.1%) 
Chinese 
(34.7%) 
Indians 
(8.2%) 
Other 
(7.0%) 

Hong Kong, 
China 

(65) 1989-
2000 

5.60 (per 
hospital per 
year) 

1:1.03 30.5 Chinese 

Sao Paulo, 
Brazil 

(66) 1965-
2003 

2.41 
(average 
cases per 
year) 
22% 
Recurrence 
Rate 

1:1.06 33.2 Caucasians 
(72%) 

Tanzania (67) 1999-
2003 

0.68 N/A N/A Black 
Africans 

Netherlands (68) 1985-
2010 

1.50 1.4:1 N/A Caucasians 

Australia (69) 2011 2.42 2.7:1 49.6 N/A 
Global (43) 

(59) 
1960-
1993 

0.50 1.14:1 35.9 Caucasians 
(24.8%) 
Blacks 
(34.4%) 
Asians 
(38.4%) 

(41) 1969-
2018 

0.92 1.14:1 34.3 N/A 

Table 1: Incidence rates of ameloblastoma, and average age for 
ameloblastoma diagnosis reported between 1958-2018 from different 
locations, and different ethnicities. (N/A= not available). 
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1.4.3 Treatment  

Ameloblastoma management can be difficult because of the (i) related 

risk of dysfunction and disfigurement associated with surgical resection 

of the disease and (ii) lack of non-surgical treatment options (39). 

The most common treatment consists of surgical removal of the tumour, 

including radical and conservative surgery. Radical surgery is the 

resection of the tumour with a safety margin of 0.5 cm of the surrounding 

normal bone (70). Conservative treatment includes enucleation of the 

lesion with/without bone curettage or marsupialization but no removal of 

the surrounding clinically intact bone (71).  

Radical surgery is the main treatment for conventional ameloblastoma, 

as this variant is associated with higher risk of disease recurrence. The 

recurrence rate is notably reduced (~15%) with radical surgery compared 

to enucleation with/without curettage (90-100%). The patients are often 

left with permanent functional and cosmetic consequence that usually 

requires further reconstructive surgery (72–74). 

Post-surgical defects can include hypernasal speech, oro-antral or oro-

nasal communication with fluid leakage into the nasal cavity, masticatory 

dysfunction, altered speaking (dysarthria) and facial disfigurement. 

These defects impact upon the quality of life of affected individuals. 

Reconstruction of the jaw with metallic plates or bone grafts is possible. 

However, it can be a surgical challenge associated with risks and 

potential complications (39,71). Non-surgical therapy or ameloblastoma 

has been suggested as an alternative therapeutic strategy when 

considerable morbidity is expected from surgical resection (75). It is used 

when ameloblastoma has invaded vital soft tissues and anatomical 
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structures surrounding the jawbones and is deemed not curable with 

surgery (non-resectable disease) or in the rare cases of distant 

metastases development (76). 

Ameloblastoma patients show poor response to radiotherapy, and 

surgical treatments do not include pharmacological therapy (77). 

Therefore, it is essential to identify novel molecular pathways that may 

represent the target of novel repurposed pharmacological agents.  

1.4.4 Ameloblastoma and Bone Remodelling 

Ameloblastoma typically invades into the cancellous bone (72), and if left 

untreated, it would eventually outgrow the bone tissue and spread into 

the surrounding soft tissues (78). It is well established that malignant 

tumour cells interfere with bone homeostasis. There is strong evidence 

on tumour cells and fibroblasts activate osteoclasts by inducing changes 

in RANK/RANKL/OPG axis and other bone turnover proteins, including 

MMPs (79,80). However, it is unknown whether ameloblastoma cells and 

its stromal cells may induce similar changes to bone turnover. Previous 

studies have indeed attempted to investigate the RANK/RANKL/OPG 

pathway, as well as the MMPs (Table 2&3). An increase in RANKL and 

MMP production by ameloblastoma cells activates more osteoclasts 

which cause bone resorption. The current understanding of 

ameloblastoma-induced bone resorption is summarised in Figure 7. 
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Figure 7: Ameloblastoma-induced bone resorption. RANKL-activated 
osteoclasts resorb bone. MMP-2 & -9 degrade extracellular matrix. 

 
Odontogenic epithelial cells are known to be reservoirs for RANK. The 

RANK/RANKL/OPG axis dysregulations can induce osteolysis and 

destruction of bone tissue in ameloblastoma and similar mechanisms in 

some malignant tumours such as oral squamous cell carcinoma (OSCC) 

(81). RANKL can act in a paracrine or autocrine fashion. Giant cell 

tumours (GCT) of bone, a non-malignant neoplasm, is a very good 

examples of the paracrine mode of action. GCT comprises 

multinucleated giant osteoclasts, stromal cells, fibroblasts, and blood 

vessels. The giant osteoclasts are RANK positive (+ve), and stromal cells 

are RANKL+ve. An increase in RANKL levels activates more osteoclast 

precursors, leading to further bone destruction (Figure 8). That’s why 

RANKL inhibitor, Denosumab, an U.S. Food and Drug Administration 

(FDA)-approved monoclonal antibody, is used in GCT treatment (82,83). 
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Figure 8: GCT-induced increase in osteoclast activation and bone 
resorption.  

 
Numerous studies have explored RANK, RANKL OPG in 

ameloblastomas by immunohistochemistry (IHC) staining of the tumour 

section for protein expression and mRNA quantification through RT-

qPCR (Table 2). The tumour stroma was rich in RANK and OPG (84). 

Few studies identified RANKL in tumour epithelium but mostly in tumour 

stroma (27,85).  

A resorption assay on a dentine slice indicated RANKL release by 

ameloblastoma upon culturing fresh ameloblastoma specimens with 

neonatal rabbit bone cells (NRBCs). The dentine slices were used to 

measure the resorption pits formed by osteoclasts (27). Ameloblastoma 

seemed to induce differentiation of NRBCs to mature osteoclasts by 

releasing RANKL and eventually forming resorption pits on the dentine 

slices. Then, OPG was added exogenously to this co-culture, which was 

not enough for complete inhibition of bone resorption and only caused a 

slight decrease. The addition of OPG did not stop ameloblastoma-
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induced differentiation of NRBCs to mature osteoclast. Even though the 

cells were from two different species, this study pointed the importance 

of studying RANKL to target ameloblastoma-induced osteoclast 

differentiation (27).  

Observed 
RANK/RANKL/OPG 

Ameloblastoma 
Type/ 
Cell Type 
(Prevalence, %) 

Location (p-value) Analysis 

RANKL (72) 
Unicystic 
ameloblastoma 
(UA) 

High in tumour 
epithelium 
(p=0.0002) & 
stroma (p=0.0004) 

IHC 

RANK, RANKL (86) 

Solid/multicystic 
Plexiform RANK 
(81%, p=0.03) 
Follicular RANK 
(62%, p=0.25) 
Plexiform RANKL 
(65%, 0.34) 
Follicular RANKL 
(53%) 

Tumour epithelium 
(p<0.05) IHC 

RANKL (81) AM-1 Low RANKL N/A Western 
Blotting 

RANK, OPG (84) 

Recurrent 
ameloblastoma 
(RA) 
RANK, OPG 

Tumour epithelium 
(P<0.05) IHC 

OPG (87) 
Solid/multicystic 
OPG (86%) 
UA (36%) 

N/A Immunostaining 

RANKL, OPG (88) 
Solid/multicyctic 
High RANKL, Low 
OPG 

Tumour epithelium 
(P<0.05) IHC 

RANK, RANKL, OPG 
(89) 

Solid/multicystic 
(Plexiform and 
Follicular) 
RANK (~60% +ve 
cells) 
RANKL (~80% 
+ve cells) 
OPG (0%) 

Tumour epithelium 
(P=0.003) IHC 

RANKL (27) 

Ameloblastoma 
(21 mandible, 3 
maxilla) 
RANKL (100%) 

Tumour epithelium  

IHC 
Reverse 
Transcriptase-
Quantitative 
Polymerase 
Chain Reaction 
(RT-qPCR) 

RANKL (90) 

13 
Solid/multicystic 
4 Desmoplastic 
RANKL 

Stroma  IHC 

RANK, RANKL, OPG 
(91) 

RANKL>OPG  
1. 12 
Solid/multicystic 
(75%)  

Stroma 
(Solid/Multicystic, 
p=0.025) 
(Unicystic, p=0.093) 

IHC 
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2. 8 Unicyctic 
(62.5%) 
 
RANK +ve 

RANKL (78) 
Plexiform 
Follicular 
AM-1 

N/A 

Western Blot 
Analysis 
Bio-Rad Protein 
Assay 

RANKL (92) 5 Ameloblastoma 
(100%) Stroma  IHC 

RANKL (93) 
OPG 

36 benign and 1 
malignant 
ameloblastoma 
RANKL (81%) 
OPG (89%) 

Stroma  RT-PCR 
IHC 

Table 2: List of studies that focused on the association between 
RANK/RANKL/OPG axis and ameloblastoma.  

 
The expression of MMPs in neoplastic and stromal cells of odontogenic 

tumours was associated with bone matrix degradation and the release of 

mitogenic factors (94). In particular, MMP-2 and -9 were identified in 

ameloblastoma, and previous studies suggested that these MMPs 

contribute to ameloblastoma-induced bone resorption by degrading ECM 

and activating osteoclasts. The majority of these studies reported the 

expression of either MMP-2 or MMP-9 or both together. ~66% of reports 

were based on IHC of patient samples, and ~20% were mRNA 

quantification of the genes of interest (Table 3).  

The bone-resorption assay conducted by Qian et al. 2010 (27) indicated 

that MMP-9 might not be the key protease involved in ameloblastoma-

induced bone resorption. When co-culture of neonatal rabbit bone cells 

(NRBCs) and ameloblastoma patient-derived cells were treated with an 

MMP-9 inhibitor (TIMP-1), no change was observed in bone resorption 

pattern (27). 
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Observed 
MMPs 

Ameloblastoma 
Type/ 
Cell Type 
(Prevalence, %) 

Location (p-
value) Analysis 

MMP-2 
MMP-9 (95) 

15 Ameloblastoma 
MMP-2 rs243865 
MMP-9 rs3918242 

N/A 

PCR-restriction 
fragment length 

polymorphism and 
sequencing 

MMP-2 
MMP-9 (96) 

37 Ameloblastoma 
86% MMP-2 
83% MMP-9 

MMP-2 
Tumour 

epithelium 
(p=0.009) 
Stroma 

(p=0.001) 

IHC 

MMP-2 (86) 

Solid/multicystic 
Plexiform MMP-2 

(79%) 
Follicular MMP-2 

(69%, p=0.06) 

Tumour 
epithelium 
(p=0.09) 
Stroma 

IHC 

MMP-9 (97) AMB cells N/A RT-PCR 

MMP-2 
MMP-9 (98) 27 Ameloblastoma Tumour 

epithelium IHC 

MMP-9 (94) 

8 follicular 
8 plexiform 

8 acanthomatous 
8 granular cell 

Tumour 
epithelium IHC 

MMP-2 (99) 25 Ameloblastoma 
36% MMP-2 Stroma IHC 

MMP-9 (100) 40 ameloblastoma 
100% MMP-9 N/A IHC 

MMP-2 
MMP-9 (101) 

18 Unicystic 
ameloblastoma 

89% MMP-2 
83% MMP-9 

Tumour 
epithelium & 

Stroma 
IHC 

MMP-2 
MMP-9 (102) 

Ameloblastoma 
cell lines (AM-1 & 

AM-3) 
N/A RT-PCR 

MMP-9 (103) Ameloblastoma 
Tumour 

epithelium & 
Stroma 

IHC 

MMP-2 
MMP-9 (104) 

1)12 
ameloblastoma 

58% unmethylated 
MMP-2 and 100% 

unmethylated 
MMP-9. 

2)+ve gene 
expression MMP-2 

and MMP-9 
+ve protein 

expression MMP-2 
and MMP-9 

N/A 

1. Methylation-
specific polymerase 
chain (MSP-PCR) 
2. RT-qPCR 
3. Zymography 
(proteinexpression) 

MMP-9 (105) Ameloblastoma Tumour 
epithelium IHC 
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MMP-2  (106) 
MMP-9 

13 
Solid/multicystic 
ameloblastoma 

N/A IHC 

MMP-9 (27) 

Ameloblastoma 
(21 mandible, 3 

maxilla) 
MMP-9 (79% IHC) 

MMP-9 (87.5% 
RT-qPCR) 

N/A IHC 
RT-qPCR 

MMP-2 (107) 
MMP-9 23 ameloblastoma 

Tumour 
epithelium & 

Stroma 
IHC 

MMP-2 (108) 69 ameloblastoma 
84% MMP-2 N/A IHC 

RT-PCR 

MMP-2 (109) 42 ameloblastoma 
100% MMP-2 N/A RT-PCR 

MMP-2 (110) 
MMP-9 

20 
Solid/multicystic N/A IHC 

MMP-2 (111) 57 
Solid/multicystic Stroma IHC 

MMP-2 (112) Ameloblastoma N/A RT-PCR 

MMP-2 (113) 12 ameloblastoma N/A Western Blot 

MMP-2 
(114,115) 
MMP-9 

43 ameloblastoma 
65% MMP-2 
70% MMP-9 

N/A Streptavidin-biotin 

MMP-2 (116) 
MMP-9 22 ameloblastoma Stroma IHC 

Table 3: List of studies conducted on MMP-2 and MMP-9 expression in 
ameloblastoma.  

1.4.5 Ameloblastoma Signalling Pathways 

The majority of the signalling pathways that have been identified to be 

altered in ameloblastoma have a direct impact on normal bone 

physiology. Thereby, it is possible to link these pathways with 

ameloblastoma-induced bone resorption (Figure 9). The most commonly 

studied ones are WNT/b-catenin, the sonic hedgehog (SHH), 

transforming growth factor-beta (TGF-b)/SMAD, and the mitogen-

activated protein kinase (MAPK) signalling pathways (Figure 10).  

The WNT/b-catenin pathway can be either canonical b-catenin pathway 

or noncanonical b-catenin independent pathway. In the canonical 
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pathway, upon receiving Wnt signal, b-catenin is not degraded, and 

accumulation of b-catenin leads to its transfer to nucleus. In the nucleus, 

b-catenin activates gene transcription for cellular processes, including 

embryonic development, tissue homeostasis, and oncogenes, including 

c-Myc and cyclin D1 (117).  In the absence of Wnt signal, b-catenin is 

phosphorylated by an enzyme called glycogen synthase kinase-3, casein 

kinase I (GSK3/CKI) (118). Upon phosphorylation, b-catenin is degraded 

by a multiprotein complex composed of adenomatous polyposis coli 

protein (APC), AXIN1 or its homolog AXIN2 (119). Previously, b-catenin 

expression levels were found to be ~8 times higher (p<0.05) in 

ameloblastoma tumour epithelium compared to normal oral mucosa 

(120).   

The SHH pathway regulates tooth development stages from bud stage 

to bell stage. Inherited or sporadic changes of this pathway can lead to 

tumour formation. Initially, hedgehog ligands; Sonic, Indian, or Desert 

bind to their receptor PTCH1. These ligands are soluble, and lipid 

modified and found in humans. Upon coupling of the hedgehog ligands 

with PTCH1, SMO protein becomes active and enables surface 

localization (121). This binding then leads to the activation of the glioma 

associated transcription factor gene (GLI1), where the pathway is carried 

to the nucleus from cytoplasm. Previously, the expression of SHH, PTC1, 

SMO and GLI1 was detected in all 36 ameloblastoma cases through RT-

qPCR analysis and IHC analysis (122). 

TGF-b superfamily is involved in controlling cell proliferation, 

differentiation, and angiogenesis and maintaining bone homeostasis. 

The aberrant expression of the members the pathway members was 
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detected in several tumour types, including odontogenic tumours. TGF-

bs (TGF-b1, TGF-b2, and TGF-b3) and bone morphogenic proteins 

(BMPs) are included in the superfamily (123,124). Smads are 

responsible for conducting TGF-b signals to the nucleus. TGF-b is 

important in pre-ameloblast and ameloblast differentiation during tooth 

development. In particular, TGF-b1 is found in the stellate reticulum and 

dental lamina. TGF-b2, and TGF-b3 are localized in ameloblasts, and it 

is possible to see TGF-b3 in dental papilla (124). In a study, the 

immunoexpression of the TGF-b1 in ameloblastoma was found to be five 

times lower than in adenomatoid odontogenic tumour (AOT) (p=0.011). 

Low TGF-b1 is associated with a decrease in cell differentiation and 

increased cell population, which was linked to an aggressive pattern of 

ameloblastoma (125). However, as higher TGF-b1 is associated with 

tumour development, this finding needs to be further explored.   

Moreover, a pro-inflammatory cytokine tumour necrosis factor-alpha 

(TNF-a) is important in the activation of interleukin-6 (IL-6), genes 

involved in osteoclastogenesis and bone resorption and matrix-

metalloproteinases (MMPs). TNF-a was identified in ameloblastoma 

tissues and ameloblastoma cell line studies (78).  

Parathyroid hormone related protein (PTHrP) has paracrine and 

autocrine actions in bone formation. In particular, the osteoclasts in the 

dental germs are activated by PTHrP and leads to dental eruption (126). 

Zeballos et al. 2018 showed that 53% conventional and 52% of unicystic 

ameloblastoma cases were found to be PTHrP+ve (127). 

The cell growth and differentiation factors, including platelet-derived 
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growth factors (PDGFs), insulin growth factors (IGFs), and fibroblast 

growth factors (FGFs), regulate bone homeostasis. These growth factors 

were found to be upregulated in ameloblastoma (36,128). All these 

signalling pathways could enhance RANKL production by osteoblasts 

which would activate more osteoclasts for bone resorption (129). 

Recently, nerve growth factor (NGF), which is essential for the survival 

of neurons and involved in odontogenesis, was identified in both follicular 

and plexiform tumour samples (130).  

 

Figure 9: Signalling pathways that are involved in ameloblastoma-
induced bone resorption.  

 
The Ras/Raf/MEK/ERK is a major pathway in MAPK signalling pathway. 

The Ras protein family members, K-Ras, H-Ras, and N-Ras are 

responsible for carrying extracellular signals inside the cells. Upon 

transmission of these signals, Raf isoforms such as Araf, Braf, or Craf 

activate MEKs, and extracellular signal-regulated kinases (ERKs) (131). 

Various studies initially reported the impact of MAPK signalling pathway 

on AM development (85,132). More recent studies focused on 
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abnormalities of MAPK signalling pathway, particularly the BRAF 

mutation, which is a point mutation with a thymine-adenine transversion 

at nucleotide 1799 of 15 exons (1799T>A). The BRAF mutation is a gain-

of-function mutation due to a V600E substitution and is associated with 

tumour development by regulating all three isoforms of Raf kinase 

(133,134).   

The study by Kurppa et al. 2014 (135) highlighted the association 

between BRAF V600E mutation and ameloblastoma. This study focused 

BRAF mutations through cDNA sequencing and BRAF V600E-specific 

IHC. 15 out of 24 ameloblastoma samples were heterozygous for BRAF 

V600E mutation. However cDNAs included both normal tissues and 

tumour tissue. Thereby, the zygosity is not tumour specific.  

Moreover, Gultekin et al. 2018 the next-generation sequencing (NGS) for 

28 genes including, BRAF, EGFR, and FGFR2, and Sanger Sequencing 

on SMO gene, were conducted on 76 ameloblastoma patient samples. 

92% of the ameloblastoma cases had mutations, where 79% of those 

had somatic mutation and the rest had multiple genetic alterations. 60% 

of the cases were BRAF V600E positive, and 14% had SMO L412F 

mutations. BRAF was more abundant in the mandible with a mean age 

of 42, and SMO was more common in the maxilla with a mean age of 67 

(136). BRAF mutations in ameloblastoma were associated with a low risk 

of recurrence, where SMO mutations with high risk (137). Thereby, 

Gultekin et al. 2018 suggested personalized clinical management 

depending on the mutation group (136). Histopathological subgroups 

were linked with certain mutations such as follicular with BRAF and 

multiple gene mutations and plexiform with either SMO, NRAS, HRAS, 
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or EGFR. The peripheral type was associated with either BRAF or SMO 

(136). 

The recent cDNA microarray analysis assessed growth factors and 

cytokines in ameloblastoma patients and immortalized AMU-AM1 cells 

with BRAF V600E mutation (36). A member of the KRAS-responsive 

gene, IGF-2 and an inflammatory gene, toll-like receptor 2 (TLR2) were 

overexpressed in AMU-AM1 cells, where they regulate cell proliferation, 

cell survival and inflammation. This study highlighted that KRAS-

responsive signalling was switched on for mandible ameloblastomas with 

BRAF V600E mutation. TLR2 knockdown seemed to inhibit KRAS-

responsive signalling (36). In addition, FGF-7 and FGF-10 were found to 

be important in AM-1 cell proliferation through the MAPK pathway (128). 

 

Figure 10:  Intracellular network of the signalling pathways identified to 
be linked with ameloblastoma.  

Although there is a rough theory on how ameloblastoma activates 

osteoclasts and leads to bone resorption, the complete picture is still 

incomplete. It is still unknown whether ameloblastoma cells cause 
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osteoblasts to release more RANKL or produce RANKL themselves to 

activate osteoclasts. The majority of studies looking at ameloblastoma 

induced bone resorption were mostly based on IHC staining of the patient 

samples or genetic studies. These can only help us assume and 

hypothesise the possible proteins and genes involved but not the roles of 

each. To understand mechanisms behind ameloblastoma action, more 

complex and biomimetic in vitro 3D models are required to investigate 

the molecular pathways and test possible pharmacological agents that 

can interfere with them.  

1.4.6 Ameloblastoma Cell Lines 

The establishment of ameloblastoma (AM) cell lines has been intricate, 

which caused delays in the research studies. The biggest challenge was 

maintaining primary ameloblastoma cells for more than three months. 

Thereby, no immortalised cell line was available until AM-1 cells were 

established (138).  

There are different cell lines established by using other transfection 

techniques, including transfection of the human telomerase reverse 

transcriptase (hTERT) expression vector (97,139) (Table 4).  

However, the majority of the cell lines established have only been used 

by the groups who established them. Various groups used AM-1 and AM-

3 cells.  
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Cell Line Origin Immortalization 
Type Morphology Cell Markers 

AM-1 
(138) Plexiform HPV-16 Epithelial 

-Cytokeratin (K8, 
K14, K18, and K19) 
-Vimentin 
-E-cadherin 
-bcl-2 
-Wnt-2b,-5a,-5b,-
7b,-9b,-2,-4,-8b,-11 
-Fz-2,-4,-5,-7,-8,-1,-
3,-6,-9,-10 
-LRP6,-5 
-MMP-2, MMP-9 
-BRAF V600E  

TAM-1 
(140) - SV40Tag Epithelial -Cytokeratin 

hTERT 
(+)-AM 
(139) 

- 
Retroviral Infection 
for overexpression 
hTERT 

N/A N/A 

AMB (97) 
Right 
molar 
mandible 
of SMA 

hTERT expression 
vector Epithelial 

-Keratin14 
-Ameloblastin 
-Enamelin 
-Amelogenin 
-KLK4 
-E-cadherin 

AM-3 
(141) Follicular 

hTERT, human 
cyclin D1, p53C234, 
human mutant 
CDK1 

Epithelial 

-Cytokeratin-14 
-E-cadherin 
-Wnt-4, Wnt-5a, 
Wnt-9b 
-Wnt-2,-2b,-5b,-
7b,11 
-Fz-2,-5,-8,-1,-3,-7,-
4,-6,-9,-10 
-LRP-6,-5 
-MMP-2, MMP-9 

AB10 
(135) 

Right 
posterior 
mandible 

Primary 
Ameloblastoma 
Cells 

Epithelial 

-Keratin14 
(KRT14), Keratin19 
(KRT19) 
-E-cadherin (CDH1) 

ABSV 
(135) 

Left 
posterior 
mandible 

Primary 
Ameloblastoma 
Cells 

Epithelial 

-Keratin14 (KRT14) 
-Keratin19 (KRT19) 
-E-cadherin (CDH1) 
-BRAF V600E 

AME-
HPV 
(142) 

Follicular HPV16 Epithelial 

-Vimentin, 
-a-smooth muscle 
actin 
-EGF, EGFR 
-MMP-2, MMP-9 
CK-14, CK-19 

AMU-
AM1 (36) Mandible 

HPV (E6-7, 
Funakoshi) + 
polybrene (8 µ/ml) 

N/A 

-KRAS-responsive 
genes (MMP-1, 
IGF-2). 
-b-catenin related 
genes. 
-BRAF V600E 
(Exon 11 & 15) 

Table 4: Ameloblastoma primary and immortalized cell lines. SMA = 
Solid/multicystic. 
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1.4.6.1 AM-1 

AM-1 cells’ origin was from mandibular of a 20-years old plexiform 

ameloblastoma patient and human papilloma virus (HPV)-16 genes were 

used to immortalize these cells (138). The morphology of AM-1 cells was 

same as epithelial cells. AM-1 cells expressed cytokeratins K8, K14, K18, 

and K19 as well as an anti-apoptotic marker, bcl-2 (138) and E-cadherin 

(102).  

Later in a study by Siqueira et al. 2010 (102) investigated mRNA 

expression levels of 19 Wnt family members in AM-1 cells. Wnt-2b, -5a, 

-5b, -7b, and 9b were found to be predominantly expressed in AM-1 cells, 

where the expression levels Wnt-2, -4, -8b, and -11 were moderate.   

1.4.6.2 AMB 

AMB cell line was from an ameloblastoma tumour located in the right 

molar portion of a 28-year-old-woman. The patient had multilocular bone 

resorption in the right mandible and the tumour classified as 

solid/multicystic type AM. The cells were immortalized through hTERT 

expression vector. Keratin 14, ameloblastin, enamelin, amelogenin and 

KLK4 were identified in the cytoplasm of the AMB cells. Whereas, E-

cadherin were detected in the membrane of the AMB cells (97).  

1.4.6.3 AM-3 

The other most commonly used ameloblastoma cell line AM-3 originated 

from the left side of the mandible of a Japanese woman with follicular 

ameloblastoma. The cells were transfected with hTERT, human cyclin 
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D1, p53C234, and human mutant CDK4 via a lentiviral vector, CSII-CMV-

RfA (102). 

The epithelial markers cytokeratin-14, E-cadherin were detected in AM-

3 cells through immunostaining. Vimentin- a mesenchymal cell protein 

was not identified in AM-3 cells. The gene expression of Wnt family 

members, in particular, Wnt-4, -5a, -5b, -9b and slightly less expression 

of Wnt-2, -2b, -5b, -7b, -11, and weak expression of Wnt-8b (102) were 

detected in AM-3 cells.  

1.5 3D Tumour Models 

Three-dimensional (3D) models have been widely used to study different 

types of tumours based on their ability to recapitulate tissue 

microenvironment. To better understand the tumour growth, the tumour 

stroma should be studied in terms of its interaction with tumour cells 

(143). Several studies focused on comparing 3D cultures with 

conventional two-dimensional (2D) cell cultures, where the cells were 

grown as monolayers. These studies highlighted that despite the better 

capability of 3D cultures in mimicking normal human physiology 

compared to 2D, 2D cell culture is predominantly used for in vitro studies 

(144). 

The 2D cell culture is relatively quick, simple and cost-effective compared 

to 3D. However, it is missing key components of tumour 

microenvironment, which causes misinterpretation of the experimental 

findings. It is difficult to draw a story from experiments conducted only on 

tumour cells grown as monolayers without any stromal compartment. The 

cells are missing in vivo architecture features; cell-cell and cell-matrix 
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interactions result from growing on a flat surface (145).  Thereby, other 

in vitro models are developed to overcome this limitation (146). MG-63, 

an osteosarcoma cells, adopted a different metabolic rate than 2D MG-

63 cultures when grown as tumour spheroids (147). Several studies 

reported that the cells have different drug sensitivities depending on 

where they are cultured (148).   

The 3D cell cultures provide an extracellular matrix (ECM) environment 

for cells, which resembles human physiology (146). Over the last decade, 

different 3D tumour models have been developed (Figure 11). 

 A common type of 3D model, spheroids, allows tumour cells to form 

clusters. Although spheroids protocol is easy to follow and reproducible, 

the cell architecture that is created within spheroids is still way too simple 

to mimic the actual tumour environment (149). Low-adhesion plates with 

a round bottom, which is coated with ultralow cell attachment is used to 

form spheroids. Secondly, in the hanging drop plates (HDPs), the cells 

fall into the drop of the bottom of the plate well and ultimately form 

multicellular spheroids. However, spheroids have to be transferred to a 

separate plate after this step (149).  

Moreover, bioreactors such as spinner flask force cells to cluster into 

spheroids. The shear stress created via the bioreactor causes variability 

among spheroids (150). The nanoimprinted scaffolds specific to cell 

types are used to mimic spontaneous cell migration and essentially to 

form spheroids (151).  

Hydrogels are formed due to cross-linking of polymeric materials such as 

collagen, which is fundamental in ECM and provides a biomimetic niche 

for tumour cells. These materials are hydrophilic polymers with great 
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amount of water (152). Matrigel is another widely used model to recreate 

the ECM. It is composed of a cocktail of the basement membrane 

proteins, including collagen IV, laminin, entactin, perlecan, cytokine, and 

growth factors (153). However, Matrigel is expensive and can have 

batch-to-batch variation due to highly complex and uneven ingredients in 

each batch (154). Moreover, 3D scaffolds offer mechanical, physical and 

biochemical support to cells through their porous, biocompatible, and 

biodegradable nature. The scaffolds are synthetic structures fabricated 

from either natural or synthetic materials. There is an issue in having 

consistent pore size throughout the scaffold. Many studies used 3D 

scaffolds for cancer research and drug development (155).  

Organoids are created through the isolation of stem cells or organ 

progenitors, which differentiate into organ-specific cell types (156). 

Depending on their origin, organoids can be grouped either as stem cells 

or tissue. Stem cell organoids can be from either embryonic stem cells 

(ECSs), induced pluripotent stem cells (iPSCs), primary stem cells, or 

tissue-resident adult stem cells. Tissue organoids do not include stromal 

cells but epithelial cells, which can assemble tissues exclusively (157). 

Organoids have in-vivo like complexity and architecture, and they can be 

grown from patient-derived cells. They can be used in patient-specific 

drug screening (156). There are also drawbacks of organoids. Organoids 

are missing vasculature, which inhibits efficient transport does not have 

some essential cell types specific to the organ of interest. Organoids can 

be difficult to reproduce depending their sources’ variability (157). 

Tumour-specific cells and stromal components can be incorporated into 

dense collagen, and this tumour specific organoids are called as 
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“tumouroids”. A dense extracellular matrix provides better physiological 

conditions to recreate normal tumour tissue (158).   

3D cultures have been taken forward through micro-engineered organ-

on-chips, which incorporates dynamic mechanical cues to chemical and 

physical signatures of 3D cultures. It is also possible to recapitulate 

transport mechanisms within these chips, allowing food and waste 

transport. The devices can be combined with 3D scaffolds filled with 3D 

collagen gels to simulate actual tumour microenvironment (159).  

Lastly, patient-derived xenograft (PDX) models are used in in vivo studies 

in cancer research. Tumour environment is mimicked by implanting a 

primary tumour sample in immunodeficient mice. Other cells within 

tumour microenvironment, like fibroblasts, are not included in this model 

(160).     

It is important to understand current 3D models available for different 

tumours, such as bone-associated tumours to establish a robust 3D 

model for ameloblastoma to study molecular mechanisms.  
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Figure 11: The pros ✓ and cons X of most common 3D tumour models.  
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1.5.1 3D Models of Bone-associated Tumours 

Current 3D models of bone-associated tumours fail to fully mimic the 

native bone microenvironment to study its interaction with tumours. None 

of the models showed full characterisation of bone required to prove in 

vitro active bone formation.   

Few research groups focused on bone metastatic cancers and bone-

associated tumours in 3D (Figure 12). Prostate cancer has a high 

incidence of metastasis to bone, and 3D models were developed to test 

this. The prostate cancer cells co-cultured with osteoblasts on collagen-

nanohydroxyapatite scaffolds to develop treatments for prostate cancer 

bone metastasis. This co-culture enhanced the MMP-9 production of 

cancer cells (161). Here the aim was to mimic the composition of the 

native bone and the scaffold make-up. 

A variety of non-native scaffolds have also been used to engineer 3D 

bone models. For example, a silk fibroin-based 3D scaffold was seeded 

with human breast adenocarcinoma and osteoblast-like cells to study the 

drug efficacy of doxorubicin for breast cancer bone metastasis (162). 

Another study used MSCs to show drug resistance of Ewing’s sarcoma 

(ES) cells on polycaprolactone (PCL) scaffolds, which has led to drug 

resistance against an anticancer drug (163). These studies did not focus 

on the differentiation of cells to mature osteoblasts for bone deposition 

and lack of bone architecture in their model. In a different research, ES 

cell spheroid model were further enhanced with MSCs in decellularized 

bone matrix to mimic human physiology (164). The current evidence 

shows that creating bone environment changes cancer behaviour and 

recapitulates the tumour microenvironment.  
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One common drawback of the studies discussed above is the lack of 

stromal cells around tumour cells, and the study by Eriksson et al. 2016 

targeted this point, where they created a 3D bone tumour model (BTM) 

3D-BTM (165). In this model, a collagen sponge with osteosarcoma cells, 

Saos-2 and human foetal osteoblastic cells (hFOB) were inserted into a 

bone stroma made from poly (lactic acid-co-glycolic acid) (PGLA). 

Human umbilical vein endothelial cells (HUVECs) were seeded on a 

stroma composed of decellularised bone to mimic the native tumour 

microenvironment through cell-to-cell interactions (165).  

In most of these studies, it is unclear whether differentiated osteoblasts 

have deposited bone or caused active bone formation. Regarding the fact 

that a lot of tumour cells interfere with dynamic bone turnover (166), the 

current 3D bone-associated tumour models are not enough to mimic 

normal bone in vitro.  

 

Figure 12: The pros ✓ and X cons of current 3D bone-associated tumour 
models.  



 64 

1.5.2 In vitro models of Ameloblastoma 

There are a limited number of in vitro models of ameloblastoma. The 

majority of studies are conducted in 2D cell culture, where either primary 

or immortalized ameloblastoma cells were seeded as cell monolayers 

(78,167). Ameloblastoma-induced bone resorption has also been 

investigated in 2D co-cultures of ameloblastoma cells with different cells 

including, NRBCs (27). The majority of models do not recapitulate the 

tumour microenvironment’s multiple parameters, including the ECM.    

The introduction of collagen as a scaffold material for in vitro studies of 

ameloblastoma was conducted by Yasuda et al. 1997, where the 

ameloblastoma tissue segments were cultured in soft collagen gels 

(0.18%) (168). The heterogeneous morphology of cells seen in 

ameloblastoma was well-replicated using this model. However, the 

stromal compartments were not engineered, and there were no other cell 

types such as bone cells.   

When ameloblastoma tumour cells were cultured with ameloblastoma-

associated fibroblasts within a 3D organotypic culture model, the 

proliferation rate of ameloblastoma cells increased (P < 0.0001) (169).  

The study by Eriksson et al. 2016 investigated bone resorption through 

an organotypic model composed of AM-1 cells, type I. collagen, human 

osteosarcoma (HOS) cell line and decellularised Bio-Oss bone granules 

(Figure 13A) (170). The aim was to create a bone-like scaffold around 

AM-1 cells to observe AM-1 cell migration and changes in gene 

expression involved in osteoclastogenesis. This study revealed an 

increase in RANKL expression in AM-1 cells when they were co-cultured 

with HOS cells. 10% of AM-1 cells invaded towards HOS and Bio-Oss 
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bone granules. This low percentage of invasion was consistent with the 

slow invasion nature of ameloblastoma disease.  

Moreover, as an advanced 3D ameloblastoma culture model, a double-

layer collagen hemisphere (DL-CGH) culture was created (171). Where 

either AM-1 cells, AM-3 cells, or AM cells with human fibroblasts (HFF-

2) were mixed with collagen type I. 5 µl of that mix was added as a drop 

to the 12-well plate. After the cell/collagen mix was set, the drop was 

covered with either 40 µl of acellular collagen or 40 µl HFF-2/collagen 

mix (Figure 13B). This model suggested that the second layer of HFF-

2/collagen mix promotes AM cell invasion. Each cell line showed different 

invasion patterns toward the second layer. This study indicated the 

importance of creating compartmentalised models to study the 

differences in ameloblastoma cell lines.   

A recent study by Lee et al. 2019 (172) modelled a 3D co-culture system 

to reproduce the ameloblastoma tumour microenvironment. AM-1 cells 

were mixed with a mouse pre-osteoblastic cell line or mouse osteoblastic 

cell line (KUSA/A1 and MC3T3-E1, respectively) or mouse bone marrow-

derived stromal cell line (ST2) and seeded in collagen. This culture was 

incubated with medium containing bone mineralising agents. AM-1 cells 

co-cultured with KUSA/A1 had higher cell proliferation. The 

mineralisation assays indicated a decrease in calcification in the ECM of 

this co-culture. In addition, the IHC of the cultures showed a pattern of 

high RANK, low RANKL and low OPG.  

In addition, Chang et al. 2020 (173) developed a more advanced 

organoid model to test BRAF V600E inhibitors on ameloblastoma cells 

(Figure 13C). For the first time, the epithelial stem cell marker, leucine-
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rich repeat-containing G-protein coupled receptor 5 (LGR5), was 

detected in epithelial cells in ameloblastoma tissues and AM-1 cells. This 

finding indicated the stem cell-like properties of ameloblastoma. The 

tumour cells are likely to go through a dynamic bidirectional epithelial-

mesenchymal transition (EMT). The EMT also occurs simultaneously 

with the mesenchymal-epithelial transition, contributing to tumour 

progression. Initially, to investigate stem cell properties, epithelial cells in 

ameloblastoma tissues and AM-1 cells were cultured in 3D spheroids. 

The expression levels of LGR5 and an EMT transcription factor, 

Aldehyde dehydrogenase 1 (ALDH1), were upregulated in the epithelial 

cells of ameloblastoma cultured in 3D compared to 2D. A more complex 

3D model was created through culturing ameloblastoma epithelial cells 

from either primary tissues or AM-1 cells in Matrigel with organoid culture 

medium. All epithelial cells formed organoid-like structures on day 2. 

These organoid cultures mimicked ameloblastoma histopathological 

features, which were then used to demonstrate drug resistance to BRAF 

V600E inhibitor of LGR5+ AM epithelial cells.   

 

Figure 13: Schematic diagram representing current 3D ameloblastoma 
models adapted from (170,171,173).  
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Ameloblastoma research needs to be expanded via more complex 

models to better understand molecular mechanisms. Our project aims to 

fill the gaps in the field by developing a more advanced ameloblastoma 

model that would mimic native bone. This model will be used to study 

ameloblastoma cell interactions with its bone stroma and 

ameloblastoma-induced bone resorption.  
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Chapter Two: Materials and Methods 

2.1 Introduction 

Chapter two covers all different methods used in all experimental 

chapters.  Each experimental chapter will further outline the details of the 

experimental set ups. 

2.2 Cell Culture 

All cells were cultured in a humidified incubator at 37oC, 5% CO2, and 

21% O2 atmospheric pressure at all times. The cells were frozen with 

their culture media in addition to 10% dimethyl sulfoxide (DMSO). 

Cryovials containing between 2x105 to 106 cells per 1 ml of media/DMSO 

mix were placed in CoolCell Freezing System (Corning® Costar® 

through Sigma-Aldrich, Dorset, UK) for 48 hours in -80oC, which followed 

by liquid nitrogen for long term storage. The vials were defrosted by 

placing them in a 37oC water bath for 5 minutes, and the cells were 

transferred to 15 ml centrifuge tubes for 5 minutes spin. The supernatant 

was removed from each tube to get rid of DMSO. The pellet was 

reconstituted in media and transferred to T25 for AM cells with 11 ml 

media or T75 flasks (Corning® Costar® through Sigma-Aldrich, Dorset, 

UK) for other cells with 13 ml media and was left for 48 hours for cell 

attachment, followed by media replacement. All cells were cultured in 

T75 after first cell splitting/passaging. For cell passaging, the initial step 

is the removal of media and phosphate-buffered saline (PBS) wash 

(GibcoTM through Thermo Fisher Scientific, Loughborough, UK). The cells 

were detached via 5 minutes incubation at 37oC with either 1X TrypLETM 
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Express Enzyme (GibcoTM through Thermo Fisher Scientific, 

Loughborough, UK) for all cell lines or 1% Trypsin (Sigma-Aldrich, 

Dorset, UK) for primary osteoblasts. The volumes used for T25 flask was 

1.5 ml and for T75 flask was 3 ml. Trypsin or TrypLETM cell solution was 

neutralized by adding media and transferred to centrifuge tubes. Cells 

were then centrifuged at 1500 rounds per minute (RPM) for 5 minutes 

and the cell pellet was resuspended and split into fresh flasks. During cell 

counting, 10 µl of 0.4% Trypan blue solution and cell/media mix (1:1) was 

applied to haemocytometer (GibcoTM through Thermo Fisher Scientific, 

Loughborough, UK). The passage numbers for each cell line were kept 

below 20.    

2.2.1 Cell Lines 

Two ameloblastoma cell lines, AM-1 and AM-3, and two human 

osteosarcoma cell lines MG-63 and Saos-2 cells were used. AM-1 cells 

established by Prof Harada and his colleagues (138), were collected from 

the previous PhD student and cultured in keratinocyte serum free 

medium 1X (KSFM) supplemented with KSFM supplements (bovine 

pituitary extract (BPE) and EGF, human recombinant), 10% Foetal 

Bovine Serum (FBS), 100 units/ml penicillin and 100 µg/ml streptomycin. 

AM-3 and green fluorescence protein tagged (GFP)-AM-3 cells were 

kindly shipped from Kagoshima University, Japan by Prof Kishida and his 

colleagues (102) and cultured in defined KSFM (DKSFM) supplemented 

with DKSFM supplement, 10% FBS, 100 units/ml penicillin and 100 µg/ml 

streptomycin. Both AM cells were passaged once every week as 1:3 

dilutions.  
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MG-63 and Saos-2 cells were obtained from the European Collection of 

Authenticated Cell Cultures (ECACC). MG-63 cells were cultured in 

Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% 

FBS, 100 units/ml penicillin and 100 µg/ml streptomycin. Saos-2 cells 

were cultured in McCoy’s 5A (Modified) Medium GlutaMAXTM 

supplemented with 10% FBS, 100 units/ml penicillin and 100 µg/ml 

streptomycin. Both MG-63 and Saos-2 cells were passaged every 3-4 

days with 1:3 dilutions. All media are from GibcoTM through Thermo 

Fisher Scientific, Loughborough, UK. 

2.2.2 Osteoclast Cells 

The osteoclasts generated from the subclone of the mouse monocytic 

cell line, RAW 264.7 (174)  was used as the osteoclast control. The cells 

were cultured in DMEM, GlutaMAXTM (GibcoTM through Thermo Fisher 

Scientific, Loughborough, UK) supplemented with 10% FBS, 100 units/ml 

penicillin and 100 µg/ml streptomycin. All products were provided from 

GibcoTM through Thermo Fisher Scientific, Loughborough, UK. 

2.3 Fabrication of 3D tumouroids 

All 3D tumouroids were fabricated from monomeric type 1 collagen (First 

Link, Birmingham, UK) through RAFTTM protocol (pages 3-10) (Lonza, 

Slough, UK). First step was mixing 10X Minimal Essential Medium (MEM) 

(Sigma-Aldrich, Dorset, UK) with collagen and neutralizing agent (N.A.). 

The N.A. was prepared from 17% 10 M NaOH (Sigma-Aldrich, Dorset, 

UK) and 10 M HEPES buffer (GibcoTM through Thermo Fisher Scientific, 

Loughborough). Cell suspension was then added to this mix, which 
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results volumes of 80% collagen, 10X MEM, 6% N.A. and 4% cells 

(volume/volume, v/v). The final collagen mix was used for making tumour 

mass and complex tumouroids (tumour mass and stroma). The volumes 

for making tumour masses and complex tumoroids were determined 

based on the RAFTTM protocol (pages 8-10). All reagents were kept on 

ice until setting gels and sterile in all times. The 2D controls were set up 

for most of 3D experiments, and each se tup was described in detail at 

the experimental chapters.  

2.3.1 Tumour mass (TM) 

The majority of the experimental set-ups were set with tumour masses of 

AM-1, AM-3, MG-63 or Saos-2 cells containing a total of 5x104 

cells/tumour mass. 240 µl of cell/collagen mix was added per well of 96-

well plates (Corning® Costar® through Sigma-Aldrich, Dorset, UK). The 

gel mix was polymerised/set at 37oC for 15 minutes, and then excess 

fluid was removed through plastic compression using the 96-well RAFTTM 

absorbers (Lonza, Slough, UK) (Figure 14A). The wells were filled with 

250 µl of media. Tumour masses were cultured at 37oC, 5% CO2, and 

21% O2 atmospheric pressure at all times. 

2.3.2 Complex Tumouroids 

The complex tumouroid was made of a stromal compartment with tumour 

mass embedded within. The stromal mix was prepared as either acellular 

or NuOss® cancellous granules (0.25-1.0 mm (1.0 gram/ 2.4 cc)) or 

primary rat calvarial osteoblasts. NuOss particles were crushed into two 

different sizes <63 µm and >63 µm using pestle and sieve (63 µm). Each 
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time 5 mg/ml of crushed NuOss particles were added to each well. The 

experimental set-up with primary rat calvarial osteoblasts will be 

described in a separate section and more detailed in chapter 4 and 5. 

The first layer of the stromal compartment 650 µl was added into each 

well of 24-well plate (Corning® Costar® through Sigma-Aldrich, Dorset, 

UK) followed by casting a tumour mass on top. Then the second stromal 

layer of 650 µl was added to embed the tumour mass, making a volume 

of 1.3 ml of the stromal compartment. Tumouroids were polymerised for 

15 minutes at 37oC followed by plastic compression using 24-well 

RAFTTM absorbers (Lonza, Slough, UK) (Figure 14B). Stroma with 

NuOss® was compressed for 13 minutes. 1 ml of media was added to 

each well unless stated otherwise, and 50% of media was changed every 

48 hours. 37oC, 5% CO2, and 21% O2 atmospheric pressure at all times. 

 

Figure 14: Fabrication of tumour mass (A). Fabrication of complex 
tumouroids. The tumour mass was nested into the stromal compartment 
before polymerisation and compression (B). 
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2.4 Phase Contrast Imaging and Measurement of Invasion and 

Spheroid Formation 

3D complex tumouroids were captured either via the EVOS XL Core 

Microscope (Life Technologies) or the Zeiss AxioObserver with 

Apotome.2 instrument and software (Zeiss, Oberkochen, Germany). The 

usual imaging time points were day 1, 7, 14 and 21, and the images were 

taken at positions 12, 3, 6 and 9 o’clock (175) (Figure 15A). 

Tumour cells clusters as spheroids. Spheroid sizes were measured from 

their surface area on the given focal plane (birds-eye view). When tumour 

cells start outgrowing to the surrounding stroma from the tumour mass 

boundary (Figure 15B), this is defined as ‘invasion’. Invasion distances 

were measured from the tumour mass boundary to their location within 

the stroma on the given focal plane. All image analysis was conducted 

through Image J (NIH, USA), and all data analysis were completed in 

GraphPad Prism 8 Software.  

 

Figure 15:Complex tumouroid images were taken at 4 different positions 
on the given focal plane (A). The invasion was defined as the outgrowth 
of tumour cells from the tumour mass boundary to the stroma (B). 
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2.5 Immunofluorescence 

3D tumouroids were formalin-fixed in 10% neutrally buffered formalin 

(Genta Medical, York, UK) for 30 minutes, followed by three washes of 

PBS and stored in PBS (GibcoTM through Thermo Fisher Scientific, 

Loughborough, UK). The fixing step was followed by permeabilization 

and blocking through 2% Triton-X 100 and 1 % bovine serum albumin 

(BSA) (Sigma-Aldrich, Dorset, UK) for 1 hour at room temperature. The 

samples were washed three times with PBS. The primary antibodies 

were diluted in BSA and applied to each sample for 1 hour at room 

temperature. Then the primary antibody was discarded, and the wells 

were washed three times with PBS. Each wash was 15 minutes on a 

plate shaker. The secondary antibodies were also diluted in BSA and 

applied to each sample for 2.5 hours at room temperature. The PBS wash 

steps were repeated for the secondary antibody with 15 minutes. Both 

primary and secondary antibodies were diluted and applied based on the 

manufacturer’s protocols. VECTASHIELD® Antifade Mounting medium 

with DAPI or NucBlueTM (InvitrogenTM through Fisher Scientific, 

Loughborough, UK) was used to counterstain all samples. Alexa FluorTM 

568 Phalloidin (InvitrogenTM through Thermo Fisher Scientific, 

Loughborough) was used to stain Phalloidin. LIVE/DEADTM 

Viability/Cytotoxicity Kit for mammalian cells (InvitrogenTM through 

Thermo Fisher Scientific, Loughborough) was used determine the 

viability of the cells in 3D tumouroids. The kit works through fluorescent 

dyes, green calcein-AM detects live cells, and red ethidium homodimer-

1 detects dead cells. All primary and secondary antibodies used for this 

thesis are listed in Table 5. Immunofluorescent (IF) imaging was 
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completed via the EVOS XL Core Microscope (Life Technologies) or the 

Zeiss AxioObserver with Apotome.2 instrument and software (Zeiss, 

Oberkochen, Germany). MG-63 and Saos-2 cells were used as positive 

controls.  

Target Primary Antibody   
Dilution 

Secondary Antibody 
Dilution 

MMP-2 Anti-MMP2 (Rabbit) 
polyclonal antibody 
(ab97779, Abcam, 
Cambridge, UK)- 
1:200 

Goat Anti-Rabbit 
polyclonal IgG H&L 
(Alexa Fluor® 594) 
(ab150080, Abcam, 
Cambridge, UK) 
1:500 

MMP-9 Anti-MMP9 (Rabbit) 
polyclonal antibody 
(ab38898, Abcam, 
Cambridge, UK) 
1:200 

Goat Anti-Rabbit 
polyclonal IgG H&L 
(Alexa Fluor® 594) 
(ab150080, Abcam, 
Cambridge, UK)  
1:500 

RANK Anti-RANK (Rabbit) 
polyclonal antibody 
(ab222215, Abcam, 
Cambridge, UK)  
1:200 
 

Goat Anti-Rabbit 
polyclonal IgG H&L 
(Alexa Fluor® 594) 
(ab150080, Abcam, 
Cambridge, UK)  
1:500 

RANKL Anti-RANKL (Mouse) 
monoclonal antibody 
BSA and Azide Free 
(ab45039, Abcam, 
Cambridge, UK) 
1:200 
 

Goat Anti-Mouse 
polyclonal IgG H&L 
(Alexa Fluor® 594) 
(ab150116, Abcam, 
Cambridge, UK) 
1:500 

Osteocalcin Anti-Osteocalcin 
(Mouse) monoclonal 
antibody OC4-30 
(ab13418 Abcam, 
Cambridge, UK) 
1:100 

Goat Anti-Mouse 
polyclonal IgG H&L 
(Alexa Fluor® 594) 
(ab150116, Abcam, 
Cambridge, UK) 
1:500 

Table 5: List of primary and secondary antibodies for each target. Each 
antibody was diluted in BSA given as Antibody:BSA based on 
manufacturer’s protocol.  

2.6 Measurement of Metabolic Activity-AlamarBlue Assay 

Metabolic activity was determined using AlamarBlue (Invitrogen) assay 

for all 2D experiments and the majority of 3D experiments. AlamarBlue 
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is a blue resazurin-based non-fluorescent dye taken up by the cells, and 

the live cells convert less resazurin to resorufin. This reaction produced 

pink fluorescence (176). The assay was conducted at certain time points 

on day 1, 7, 14 and 21 (D1, D7, D14 and D21). The manufacturer’s 

protocol was followed. Media was removed from the well, followed by 

PBS wash and 1 ml of 10% (v/v) AlamarBlue/media incubation in the dark 

at 37oC. The optimum incubation times for 2D (2 hours) and 3D cultures 

(3.5 hours) were determined separately by setting up test experiments to 

observe the initial colour change from blue to pink. Following incubation, 

100 µl of the solution was transferred in triplicates to black 96-well plates 

(Thermo Fisher Scientific, Loughborough, UK) and measured in 

Fluoraskan Ascent fluorescent microplate reader (Fluoraskan Ascent FL, 

Helsinki, Finland) at an excitation wavelength of 530 nm and an emission 

of 620 nm. 

2.7 Measurement of Metabolic Activity- CellTiter-Glo® 3D Viability 

Assay 

Metabolic activity for 3D samples were also measured through CellTiter-

Glo® 3D Viability-Assay (Promega, Southampton, UK). This assay 

provides more accurate results than AlamarBlue® based on its ability to 

perforate inside spheroids formed in 3D constructs. The assay targets 

ATP levels to measure cell viability through luminescence readout. Media 

and CellTiter-Glo® were mixed (1:1) and incubated 5 minutes on a plate 

shaker followed by 25 minutes benchtop incubation. The plate was foil-

wrapped for light protection throughout the entire incubation. 100 µl of 

the mix was transferred to a white 96-well plate (Corning® Costar® 
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through Sigma-Aldrich, Dorset, UK) in triplicates and luminescence was 

measured by the Tecan Infinite® Lumi plate reader (Männedorf, 

Switzerland).  

2.8 DNA Quantification- Total DNA Assay 

Total DNA Assay (Sigma-Aldrich, Dorset, UK) was conducted on the 2D 

AlamarBlue samples to measure cell number and cell proliferation. The 

assay is based on the shift in the emission wavelength of a DNA binding 

fluorochrome, Hoechst 33258. First, AlamarBlue was discarded, and 

each well washed three times with PBS, and 450 µl of deionised distilled 

water (ddH2O/Milli-Q/Millipore) was added per well. The plates had gone 

under siz freeze-thaw cycles from -80oC to room temperature to lyse the 

cells. Hoechst: 10X assay buffer: ddH2O were diluted as 1:1000:9000 to 

make up a 20 µg/ml concentration, where 100 µl of this was mixed with 

100 µl cell lysates. Serial dilutions of calf thymus were prepared for DNA 

standards (0-100 µg/ml). The mix was transferred to a 96-well black plate 

(Thermo Fisher Scientific, Loughborough, UK) and measured in the 

Fluoraskan Ascent fluorescent microplate reader (Fluoraskan Ascent FL, 

Helsinki, Finland) at an excitation wavelength of 355 nm and an emission 

of 460 nm. DNA concentrations were determined upon the curve 

generated from DNA standards.  

2.9 DNA Quantification- QUBIT 3.0 

DNA quantification from 3D tumour mass was achieved through Qubit 

3.0 (Thermo Fisher Scientific, Loughborough, UK) for time points day 1, 

3, 5, 7, and 10. It was not accurate to quantify DNA after day 10, as cells 
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lose their viability in tumour mass after day 7 due to lack of space. Media 

was discarded from the wells, followed by PBS wash, and tumour masses 

were lysed in RLT Lysis buffer to be stored in -80oC. The samples were 

prepared based on the manufacturer’s protocol throughout. 190 µl of the 

working solution and 10 µl of the sample was mixed and measured 

through the Double Stranded DNA option of Qubit 3.0 (Thermo Fisher 

Scientific, Loughborough, UK). 

2.10 Enzyme-Linked Immunoabsorbent Assay (ELISA) 

ELISA was used to quantify concentration of the protein of interest from 

the cell culture supernatant. Media samples were collected in triplicates 

for each condition and stored in -80oC. Manufacturer’s protocols were 

used for each ELISA kit. The list of kits used throughout this thesis was 

provided in Table 6 and analysed using the Tecan M200 PRO Microplate 

Reader (Männedorf, Switzerland). 

Protein Kit 
MMP-2 Total MMP-2 Quantikine ELISA Kit 

(MMP200, R&D Sytems, 
Abingdon, UK) 

MMP-9 Human MMP-9 Quantikine ELISA 
Kit (DMP900, R&D Sytems, 
Abingdon, UK) 

RANKL 1. Human TNFSF11 ELISA Kit 
(RANKL) (ab 213841, Abcam, 
Cambridge, UK) 

2. Human TNFSF11/RANKL 
ELISA Kit PicoKineTM 
(EK0842, Boster Bio, CA, 
USA) 

BMP-2 BMP-2 Quantikine ELISA Kit (DBP 
200, R&D Sytems, Abingdon, UK) 

Table 6:   List of ELISA kits used throughout this thesis.  
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2.11 Histology 

Formalin-fixed samples were placed into the cassettes and then were 

processed in the processor (Thermo Fisher Scientific, Loughborough, 

UK). The samples were then wax embedded and sectioned through 

using a microtome. 5 μm thick sections were then placed into microscope 

slides. The slides were oven baked at 64oC for 2 hours. Manual 

haematoxylin and eosin (H&E) staining was completed through cycles of 

xylene, alcohol, water washes prior and after each haematoxylin and 

eosin stains. This process was described in detail in Figure 16. Two drops 

of mounting medium were applied to each slide, and coverslips were 

used to spread the mounting medium to stained sections. The sections 

were imaged using the Zeiss AxioObserver with Apotome.2 instrument 

and software (Zeiss, Oberkochen, Germany). 

 

Figure 16:  H&E Protocol used to stain slides. 

Dr Amrita Jay, University College London Hospitals NHS Foundation 

Trust, UK, kindly provided the patient samples. Slides were imaged using 

the Zeiss AxioObserver with Apotome.2 instrument and software (Zeiss, 

Oberkochen, Germany). 

2.12 TRAP Staining 

AM-1, AM-3 and osteoclasts derived from RAW264.7 cells were fixed in 

2.5% glutaraldehyde and stained for Acid Phosphatase, Leukocyte 
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(TRAP) Kit (Sigma-Aldrich, Dorset, UK), based on the manufacturer’s 

protocols. TRAP is an osteoclast marker, and the cells were stained to 

determine their osteoclastogenic properties. All cells were cultured in 6-

well plates with a seeding density of 5x104 per well of AM cells and 3x104 

per well of RAW264.7 cells. Media was discarded from each well, and 

1ml of TRAP stain was added following PBS wash. Osteoclasts derived 

from RAW264.7 cells were used as a control, where mature osteoclasts 

were stained purple and with >2 nuclei. Images were captured by the 

EVOS XL Core Microscope (Life Technologies). 

2.13 Calvarial Rat Osteoblast Isolation 

The animal experiments were all approved by University College London 

(UCL) Animal Care Services. The United Kingdom (UK) Animals 

(Scientific Procedures) Act 1986 was strictly followed throughout with 

extra care. 2-3 day-old neonatal Sprague-Dawley (SD) rats were used to 

obtain primary calvarial rat osteoblasts based on a previously established 

protocol (177). The steps were conducted in a procedure room with 

appropriate slow, flow cabinet facilities. Upon isolation of the calvariae 

through removing the excess cartilage tissue and blood vessels, a 3-step 

enzymatic isolation protocol was followed. The calvariae were washed 

with PBS and incubated with 1 ml per calvaria of 1% Trypsin for 10 

minutes at 37oC. The trypsin was removed and the calvaria was washed 

with α-modified essential medium (α-MEM) (GibcoTM through Thermo 

Fisher Scientific, Loughborough, UK), supplemented with 10% FBS, 

2mM L-glutamine (Life Technologies) 1% antibiotic/antimitotic (100 

units/ml penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin) 
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(Sigma-Aldrich, Dorset, UK). Following this wash, 800 µl per calvaria of 

0.2% collagenase type II in Hank’s balanced salt solution (HBSS) for 30 

minutes at 37oC. The first digest was discarded and replaced with fresh 

0.2% collagenase type II solution and incubated for 60 minutes at 37oC. 

The supernatant containing cells from this digestion step was kept and 

transferred to a fresh tube. The calvariae were washed with 1 ml per 

calvaria of α-MEM. The wash liquid was also transferred to the tube with 

the remaining cells. The tube was centrifuged at 1500 rpm for 5 minutes. 

The supernatant was discarded, and the cells were resuspended in 3 ml 

of α-MEM. The resuspended cells were strained using a cell strainer (70 

µm) (BD Biosciences) to eliminate unwanted tissue pieces and 

transferred to a 75 cm2 flask containing 20 ml of α-MEM Figure 17. The 

cells were grown for three days until they reached confluency at 37oC, 

5% CO2, and 21% O2 atmospheric pressure at all times. 

 

Figure 17: Calvarial rat osteoblast isolation protocol.  

2.14 In vitro Bone Nodule Formation 

The media from the confluent calvarial rat osteoblast flask was discarded. 

The cells were washed with PBS, followed by 3 ml 1% Trypsin incubation 

at 37oC for 5 minutes. Once the cells were detached, 6 ml of α-MEM was 

added, and the entire solution was transferred to a centrifuge tube. The 

cells were centrifuged for 5 minutes at 1500 rpm. The cells were then 
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counted using haemocytometer (GibcoTM through Thermo Fisher 

Scientific, Loughborough, UK). The cells were seeded as 5 x 104 per well 

in 24-well plates as 2D and 5 x 104 cells per well in 3D. 3D set-ups will 

be described in detail in chapter 4.  

2.15 In vitro Bone Nodule Characterisation 

Different methods were used to determine the composition and 

morphology of the bone nodules formed in 3D.  

2.15.1 Alizarin Red Staining Assay 

An anthraquinone-based dye, alizarin red staining (Sigma-Aldrich, 

Dorset, UK) was used to detect calcium deposits in the cells. The stain 

forms complex with calcium deposits, and this complex appears as bright 

red colour. Both 2D and 3D cultures were assessed for calcium 

deposition on day 14 and day 21. The culture media was discarded, and 

the cultures were PBS washed. Each culture was fixed in 400 µl of 10% 

neutrally buffered formalin (Genta Medical, York, UK) for 15 minutes for 

2D cultures and 30 mins for 3D cultures in room temperatures. The 

formalin was removed, and the wells were washed three times with 

ddH2O. For 3D cultures, each wash step was conducted on a plate 

shaker for 5 minutes per wash. Then, the cultures were incubated with 

400 µl of 40 mM alizarin red stain per well for 20 minutes for 2D and 30 

minutes for 3D on a plate shaker at room temperature. The alizarin red 

stain was discarded, and the cultures went through rounds of ddH2O 

washes. 2D cultures were washed five times, where 3D cultures were 

washed a minimum of 5 times each for 10 minutes on a plate shaker until 
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background collagen loses its stain. The 3D cultures were handled with 

extra care. Imaging was conducted on either EVOS XL Core Microscope 

(Life Technologies) or Nikon brightfield reflected light microscopy Nikon 

‘Labophot’ 2A microscope, with 100 W epi-illumination and metallurgical 

objectives or the Zeiss AxioObserver with Apotome.2 instrument and 

software (Zeiss, Oberkochen, Germany). 

2.15.2 Raman Spectroscopy 

The biochemical compositions of the bone nodules were investigated 

through using Raman Spectroscopy and the results were compared with 

the literature. The samples were measured based on how much they 

changed the wavelength of the laser light. The changes occur through 

light scattering from the sample over its chemical bonds. The wavelength 

changes were called ‘chemical fingerprint’. This technique was identified 

to be non-destructive for small samples (178,179). The nodules’ mineral 

and collagen parts were evaluated based on previously established 

calvarial rat bone Raman spectroscopy readings (180). Bone 

components were measured through established parameters (179), and 

the details are discussed in chapter 4.  

In this thesis, Raman spectroscopy was used to assess the bone 

nodules’ composition formed on day 21 of 3D tumouroid cultures. Each 

3D bone culture was gently removed from the well and placed on top of 

1 mm thick magnesium fluoride (MgF2) discs with 15 mm diameter 

(Crystan) and air-dried for 24 hours.  MgF2 discs had Raman 

spectroscopy peaks in the same range of the bone peaks and that’s why 

the samples were placed on them (181). Renishaw inVia spectrometer 
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with Leica microscope was used to collect spectra. The Raman settings 

were presented in Table 7.  

Line-focus laser 785 nm 
Objective 20x 
Laser and sample distance 8 mm 
Spot size diameter ~2 µm 
Power 100% 
Acceleration 1 
Integration time 20 sec 
Wavenumber 400-1800 cm-1 
Resolution ~2 cm-1 
Laser power <50 mW 

Table 7: Raman spectroscopy measurement settings. 

The measurements were in triplicates per spot, and the spectra were 

collected from 9 different spots. For the consistency of the results, top 

parts of the bone nodules were preferred for bone measurements. The 

top points were determined based on protrusions detected from the 

microscope, as shown in Figure 17A. Since samples were embedded in 

3D collagen, the background signal was removed through capturing 

collagen only without any nodule spots in the samples over nine repeats 

Figure 17B. The average background readings were removed from the 

average bone reading using MATLAB® the ‘Raman baseline correction’ 

code (The Mathworks, MA, USA). 
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Figure 18: Raman spectroscopy images of the focal points of the spectra 
measurements. Focused on top of the bone nodules (A). Focused on the 
background collagen (B).  

2.15.3 Transmission Electron Microscopy (TEM) 

Day 21 3D cultures were fixed with 2.5% Glutaraldehyde overnight and 

then decalcified in 2% EDTA overnight. Dr Turmaine led TEM sample 

preparation and imaging. The samples were dehydrated with 100% 

ethanol. Then the samples went through an infiltration procedure of 1-

hour Agar 100 epoxy resin mix, 1-hour propylene oxide and 4 hours pure 

epoxy resin. Medium-sized bone nodules were preferred to set a baseline 

for the collagen matrix composition and cut trans sectionally. Each 

section was about 70 nanometre (nm) thickness via a Reichert ultra-cut 

S microtome with a diamond knife (Leica, Milton Keynes, UK). Images 

were captured via JEOL 1010 transition electron microscope (TEM; 

Tokyo, Japan) operated at 120 kV. 

2.15.4 Nano-Computed Tomography (Nano-CT) 

Nano-CT was used for cross-sectional imaging as an advanced version 

of micro-CT. This technique allows for a focal spot up to 400 nm (182). 

21-day-old 3D bone nodules were air-dried for 24 hours. The nodules 

were peeled from the collagen matrix by using a tweezer (TAAB 

Laboratories Equipment Ltd, Aldermaston, UK) and were placed inside 

of a 1 mm Kapton tube (DuPont, Shanghai, China). The samples were 

shipped to Professor Håvard Jostein Haugen, Institute of Clinical 

Dentistry, Faculty of Dentistry, University of Oslo, Norway, for Nano-CT 

imaging. The samples were cut into pieces and placed inside a fresh 

Kapton tube and imaged by using nano-CT (SkyScan 2211 Multiscale X-
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ray Nano-CT System, Bruker micro-CT, Kontich Belgium) with a 20-190 

kV tungsten X-ray source and a dual detection system: an 11- megapixel 

cooled 4,032 x 2,670-pixel CCD-camera and a 3-megapixel 1,920 x 

1,536-pixel CMOS flat panel. The samples were scanned at 60 kV, 320 

µA and 1000 ms over 360o with a rotation step of 0.31o, with a final voxel 

size of 250 nm for ~2 hours. Nano-CT projections were created by 

NRecon software (version 1.7.4.6) with smoothing kernel 2, ring artefact 

correction 9, and beam hardening correction of 20%. CTAn (Bruker 

micro-CT, Kontich, Belgium, version 1.18.4.0) was used to deduct 3D 

images from the nano-CT projections.  

2.16 Molecular Biology 

All reagents and plastics used in this section were molecular grade to 

avoid RNAse and DNAse contamination. RT2 Profiler PCR Array 

(Qiagen) will be described in a separate section below.  

2.16.1 RNA Extraction 

The TRI Reagent® method was used to extract and purify RNA based 

on the manufacturer’s protocol (Sigma-Aldrich, Dorset, UK) (183). 2D 24-

well cultures and 3D tumour masses and 3D tumouroids were dissolved 

in 400 µl of TRI Reagent® to deproteinize RNA. 80 µl of chloroform (TRI 

Reagent®:Chloroform, 5:1) was added followed by 15 minutes centrifuge 

at 12 000 RPM, 4oC. Chloroform causes phases separation; 1) proteins 

in the organic phase (bottom), 2) DNA in the meniscus phase, and 3) 

RNA in the aqueous phase (top). The aqueous phase with RNA was 

isolated to a new Eppendorf followed by the addition of 175 µl of ice-cold 



 87 

100% isopropanol to precipitate RNA. This mix was vortexed for 30 

seconds and centrifuged for 15 minutes at 12 000 RPM, 4oC. The 

supernatant was discarded, and the remaining RNA pellet went through 

3-step washes; 1) 100% ethanol, 2) 75% ethanol, 3) 100% ethanol to 

avoid contamination from water and alcohol soluble components (Sigma-

Aldrich, Dorset, UK). Each wash was followed by centrifuging the 

samples for 10 minutes at 13 000 RPM, 4oC. The last supernatant was 

discarded, and the pellet was air-dried for 5 minutes and reconstituted in 

25 µl of H2O. The NanoDropTM was used to quantify RNA and assess the 

quality of RNA. The ratios accepted for 260/280 were ~1.8 and 260/230 

were ~2.0 (184). 

2.16.2 complementary DNA (cDNA) Transcription through PCR 

High-Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM 

through, Fisher Scientific, Loughborough, UK) was used to transcribe a 

minimum of 400 ng/µl RNA samples into cDNA. For primer efficiency 

2000 ng/µl was transcribed. Based on each desired RNA concentration, 

RNA samples were mixed with H2O to make up to 10 µl in total per 

reaction. RNA and H2O mix was then combined with 10 µl of the master 

mix for each reaction. The master mix was prepared with an excess of 5-

10 reactions based on the manufacturer’s protocol. A total of 20 µl per 

sample were run on the T100TM Thermal Cycler (Bio-Read, Watford, UK) 

set to 20 µl reaction and the cycles were described in Table 8. 
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cDNA Transcription 
Master Mix per reaction 

cDNA Transcription cycles 

2.0 µl 10 x RTB Buffer 
0.8 µl 25 x dNTP Mix (100 mM) 
2.0 µl 10 x RT random primers 
1.0 µl multiscribe RTase 
4.2 µl molecular grade H2O 

Step 1: 25oC (25 minutes) 
Step 2: 37 oC (120 minutes) 
Step 3: 85 oC (5 minutes) 
Step 4: 4 oC (infinite hold)  

Table 8: Left panel cDNA Transcription Master Mix per reaction. Right 
panel cDNA Transcription cycles.  

2.16.3 Quantitative PCR (qPCR)  

The iTaqTM Universal SYBR® Green Supermix was used to amplify the 

target gene of interest through CFX96TM Touch System (Bio-Rad, 

Watford, UK). For 10 µl of each reaction, 20 ng cDNA and 0.2 µM forward 

and 0.2 µM reverse primers were used. The reaction cycles were 

described in Table 9. Two methods used for quantifying relative gene 

expression ∆CT and 2-∆∆CT where the numbers were normalized to a 

reference gene. The enzyme responsible for breaking down of glucose, 

glyceraldehyde 3-phosphate dehydrogenase, GAPDH, was chosen as 

the reference gene for the rat osteoblasts, as it was identified to be one 

of the most stably expressed house-keeping genes (HKGs) in neonatal 

osteoblasts (185). For ameloblastoma cell lines, hypoxanthine-guanine 

phosphoribosyltransferase (HPRT1) was chosen as the reference gene 

(186). This step was crucial to normalize the RNA amount, RNA quality, 

cDNA synthesis and PCR among different conditions. 
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Table 9: Left panel: SYBR green reaction Master Mix per reaction. Right 
panel: qPCR cycles.   

2.16.4 Primer Design and Optimisation 

The MIQE guidelines were followed for designing all primer pairs (187). 

The annealing temperature (Ta) was set to 60oC. The coding sequences 

(CDS) of the gene of interest was chosen from NCBI. The CDS was 

uploaded to Primer3Plus for primer design, where primer pairs that were 

closer to 3’ end and were either exon spanning or exon-exon junction 

were preferred. The specific conditions selected in Primer3Plus were 

described in Table 10. The resulting primer pairs were then assessed 

whether secondary structures were formed under the conditions given in 

Table 10 through ‘mfold’ software available from 

‘http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form’. The 

structures with no loops or up to 2-3 loops were accepted. The primer 

attachment region was chosen to be loop-free with a maximum of 4 of 

∆G (Figure 19). The specificity of primers and the homology of the 

sequence of interest between rat and human were investigated using 

primer BLAST (Figure 20). Only overlapping with transcript variants and 

a minimum of 3 mismatched base pairs (bp) were accepted in the case 

of ‘Predicted’ results.  
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Primer3Plus mfold 

Product Size: Min-100 bp, Opt-120 
bp, Max-200 bp 
Primer Size: Min-20 bp, Opt-22bp, 
Max-25-bp 
Primer Temperature: (For Ta to be 
60oC) Min-58oC, Opt-60oC, Max-
65oC  
Max Self Complementary: 5.00 
Max 3’Self Complementarity: 3.00 
Max Poly-X: 3 
GC Clamp: 1 

Temperature: 60oC 

Ionic Conditions of SYBR in mM: 

50 Na+, 3 MG2+ 

Table 10: Left panel: Primer3Plus Conditions. Right Panel: mfold 
conditions. 

 

 

Figure 19: mfold search for each target gene, GAPDH was given as 
example.  
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Figure 20: Primer-BLAST search for each target gene, GAPDH was 
given as example.  

After transcribing 2000 ng/µl, five cDNA concentrations were prepared to 

assess primer efficiency: 1000 ng/µl, 100 ng/µl, 10 ng/µl, 1 ng/µl, and 0.1 

ng/µl. The required efficiency was 90-110%, with minimum three 

standards. For rat primers (Table 11), 2D day 7 rat osteoblasts cultures 

were used for efficiency testing and for human primers (Table 12), 2D 

day 7 AM-3 cells were used. An example of primer efficiency was given 

in Figure 21.   

Gene 
Primer Pair 

Product 
Size (bp) 

Number 
of 

Standards 
Efficiency 

GAPDH (Glyceraldehyde 3-phosphate 
dehydrogenase) 
F’ TTACCAGGGCTGCCTTCTCTTG 
R’ CACCATCTTCCAGGAGCGAGAT 

191 4 97.20% 

ALPL (Alkaline Phosphatase, 
biomineralisation associated) (AKP2)  
F' GAGATGGTATGGGCGTCTCCAC 
R' GCGTTGGTGTTGTACGTCTTGG 

139 3 101.70% 

SPP1 (Secreted Phosphoprotein)  
F' AAGTGGCTGAGTTTGGCAGCTC 
R' GGCTTTCATTGGAGTTGCTTGG 

186 4 93.10% 

ANKH (Inorganic pyrophosphate 
transport regulator) 
F' GGCCCACATCAAGAAGTTCACC 
R' TGGCACTGGGAAGAAGGAGAAG 

178 3 97.00% 
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ENPP1 (Ectonucleotide 
pyrophosphatase/phosphodiesterase)  
F' GGAATGGCGTCAATGTTGTCAG 
R' TCTTGACTGCGGATGACTCTGG 

109 4 103.00% 

DMP1 (Dentin matrix acidic 
phosphoprotein 1)  
F' ACTCGGCAGACACCACACAGTC 
R' GCCACCTCCTACCCGATATTC 

170 3 103.00% 

E11 (Podoplanin (Pdpn))  
F' GAGATAACGCAGGCGGTGAAAC 
R' GATCCCTCCAATGAAGCCAATG 

116 5 95.00% 

BMP2 (Bone morphogenic protein 2) 
F' GCGTCAAGCCAAACACAAACAG 
R' CATGGTTGGTGGAGTTCAGGTG 

185 3 100.70% 

VEGFA (Vascular Endothelial Growth 
Factor) 
F'AGATCATGCGGATCAAACCTC 
R'GGCTTTGTTCTATCTTTCTTTGG  

103 4 90.50% 

TNFSF11 (TNF Superfamily Member 11) 
F'CTGTACGCCAACATTTGCTTC 
R'CCCTGACCAGTTCTTAGTGCTC 

153 3 96.30% 

Table 11: Primer pairs designed for rat osteoblasts and their efficiency 
test results with the number of standards and the percentage of 
efficiency.  

 
 

Gene 
Primer Pair 

Product 
Size 
(bp) 

Number of 
Standards Efficiency 

HPRT1 (Hypoxanthine-guanine 
phosphoribosyltransferase) 
F' CCTGGCGTCGTGATTAGTGATG 
R' TGAGCACACAGAGGGCTACAATG 

190 4 90.20% 

VEGFA (Vascular Endothelial Growth 
Factor) 
F' AATCGAGACCCTGGTGGACATC 
R' TTGATCCGCATAATCTGCATGG 

168 5 105.30% 

MMP2 (Matrix Metalloproteinase 2) 
F' TCCAAGTCTGGAGCGATGTGAC 
R' TGAGCCAGGAGTCCGTCCTTAC 

136 3 101.40% 

MMP9 (Matrix Metalloproteinase 9) 
F' CCCGGACCAAGGATACAGTTTG 
R' TGCCATTCACGTCGTCCTTATG 

152 4 94.50% 

TNFSF11 (TNF Superfamily Member 11) 
F' CGCCAGCAGAGACTACACCAAG 
R' TGCGCTCTGAAATAGAAGAACAGG 

248 5 101.70% 

TNFRSF11A (TNF Receptor Superfamily 
Member 11a) 
F' TGGGACGGTGCTGTAACAAATG 

165 4 95.50% 
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R' GGGCCTTGCCTGTATCACAAAC 
TGFB1 (Transforming growth factor beta) 
F' GGTGGAAACCCACAACGAAATC 
R' GCTGAGGTATCGCCAGGAATTG 

214 4 90.30% 

TNF (Tumour Necrosis Factor alpha) 
F' CTCTTCTGCCTGCTGCACTTTG 
R' ATCTCTCAGCTCCACGCCATTG 

225 4 100.00% 

PTHLH (Parathyroid hormone like 
hormone) 
F' TCTGAACATCAGCTCCTCCATGAC 
R' CTTTGTGTTGGGAGAGGGCTTG 

153 5 101.70% 

Table 12: Primer pairs designed for AM cells and their efficiency test 
results with the number of standards and the percentage of efficiency.  

 

Figure 21: Efficiency analysis of GAPDH.  
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2.16.5 RT2 Profiler PCR Array 

RT2 Profiler PCR Array (96-well format) Rat Osteogenesis Cat. No. 

330231 PARN-026ZA (Qiagen) was used to assess the impact of 

ameloblastoma cells on the bone-forming ability of rat osteoblasts in 3D 

bone stroma. 84 Osteogenesis genes per plate were run, and all the 

genes were listed in Table 13. The manufacturer’s protocol was followed. 

RNA Extraction protocol described above was conducted with extra care 

to prevent DNA contamination. The same amount of RNA, 500 ng/µl was 

transcribed for each sample using RT2 First Strand Kit. The kit 

components were centrifuged for 10-15 seconds before use. For each 

reaction, DNA elimination mix, and reverse-transcription mix were made, 

as described in Table 14. The mixes were combined for a final volume of 

20 µl. The tubes were incubated at 42oC for 15 minutes, and the reaction 

was terminated through incubation at 95oC for 5 minutes. 91 µl of 

molecular grade H2O was added to each reaction. The reactions were 

kept on ice for the immediate real-time PCR or in -20oC for using later.   

For real-time PCR reaction, RT2 SYBR Green Mastermix was centrifuged 

for 10-15 minutes before use. The PCR components were prepared as 

described in Table 15 following the manufacturer’s guidelines, and 25 µl 

of this mix was added per well of the RT2 Profiler PCR Array plate. The 

plate was centrifuged at 1000 g for 1 minute. The settings for the PCR 

cycles were given in Table 15. 

Nine plates were used in total, with three plates per condition. The CT 

values of each plate were put together in one Excel file. The conditions 

were labelled as ‘Control’, ‘Test Group 1’ and ‘Test Group 2’ representing 
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3D bone, 3D bone + AM-1 and 3D bone + AM-3. The file was submitted 

to RT2 PCR array data analysis (Qiagen) (www.qiagen.com/geneglobe). 

The fold change was calculated using 2-∆∆CT method. Each test group 

was compared to the control group, and the differences that were greater 

than 2-fold with a p-value<0.05 was accepted as significant.  

Acvr1 Activin A receptor, type I 
Ahsg Alpha-2-HS-glycoprotein 
Alpl Alkaline phosphatase, liver, bone, kidney 
Anxa 5 Annexin A5 
Bglap Bone gamma-carboxyglutamate (gla) protein 
Bgn Biglycan 
Bmp1 Bone morphogenic protein 1 
Bmp2 Bone morphogenic protein 2 
Bmp3 Bone morphogenic protein 3 
Bmp 4 Bone morphogenic protein 4 
Bmp 5 Bone morphogenic protein 5 
Bmp 6 Bone morphogenic protein 6 
Bmp 7 Bone morphogenic protein 7 
Bmpr1a Bone morphogenic protein receptor, type IA 
Bmpr1b Bone morphogenic protein receptor, type IB 
Bmpr2 Bone morphogenic protein receptor, type II 

(serine/threonine kinase) 
Cd36 CD36 molecule (thrombospondin receptor) 
Cdh11 Cadherin 11 
Chdr Chordin 
Col10a1 Collagen, type X, alpha 1 
Col14a1 Collagen, type XIV, alpha 1 
Col1a1 Collagen, type I, alpha 1 
Col1a2 Collagen, type I, alpha 2 
Col2a1 Collagen, type II, alpha 1 
Col3a1 Collagen, type III, alpha 1 
Col4a1 Collagen, type IV, alpha 1 
Col5a1 Collagen, type V, alpha 1 
Col6a1 Collagen, type VI, alpha 1 
Comp Cartilage oligomeric matrix protein 
Csf1 Colony stimulating factor 1 (macrophage) 
Csf2 Colony stimulating factor 2 (granulocyte 

macrophage) 
Csf3 Colony stimulating factor 3 (granulocyte) 
Crsk Cathepsin K 
Dlx5 Distal-less homeobox 5 
Egf Epidermal growth factor 
Fgf1 Fibroblast growth factor 1 
Fgf2 Fibroblast growth factor 2 
Fgfr1 Fibroblast growth factor receptor 1 
Fgfr2 Fibroblast growth factor receptor 2 
Flt1 Fms-related tyrosine kinase 1 
Fn1 Fibronectin 1 
Gdf10 Growth differentiation factor 10 
Gli1 GLI family zinc finger 
Icam1 Intercellular adhesion molecule 1 
Igf1 Insulin-like growth factor 1 
Igf1r Insulin-like growth factor 1 receptor 
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Ihh Indian hedgehog 
Itga2 Integrin, alpha 2 
Itga3 Integrin, alpha 3 
Itgam Integrin, alpha M 
Itgav Integrin. Alpha V 
Itgb1 Integrin, beta 1 
Mmp10 Matrix metallopeptidase 10 
Mmp2 Matrix metallopeptidase 2 
Mmp8 Matrix metallopeptidase 8 
Mmp9 Matrix metallopeptidase 9 
Nfkb1 Nuclear factor of kappa light polypeptide gene 

enhancer in B-cells 
Nog Noggin 
Pdgfa Platelet-derived growth factor alpha 

polypeptide 
Phex Phosphate regulating endopeptidase homolog, 

X-linked 
Runx2 Runt-related transcription factor 2 
Serpinh1 Serine (or cysteine) peptidase inhibitor, clade 

H, member 1 
Smad1 SMAD family member 1 
Smad2 SMAD family member 2 
Smad3 SMAD family member 3 
Smad4 SMAD family member 4 
Smad5 SMAD family member 5 
Sost Sclerostin 
Sox9 SRY-box containing gene 9 
Sp7 Sp7 transcription factor 
Spp1 Secreted phosphoprotein 1 
Tgfb1 Transforming growth factor, beta 1 
Tgfb2 Transforming growth factor, beta 2 
Tgfb3 Transforming growth factor, beta 3 
Tgfbr1 Transforming growth factor, beta receptor 1 
Tgfbr2 Transforming growth factor, beta receptor 2 
Tgfbr3 Transforming growth factor, beta receptor 3 
Tnf Tumour necrosis factor (TNF superfamily, 

member 2) 
Tnfsf11 Tumour necrosis factor (TNF superfamily, 

member 11) 
Twist1 Twist homolog 1 (Drosophila) 
Vcam1 Vascular cell adhesion molecule 1 
Vdr Vitamin D (1,25-dihydroxyvitamin D3) receptor 
Vegfa Vascular endothelial growth factor A 
Vegfb Vascular endothelial growth factor B 
Actb Actin, beta 
B2m Beta-2 microglobulin 
Hprt1 Hypoxanthine phosphoribosyl transferase 1 
Ldha Lactate dehydrogenase A 
Rplp1 Ribosomal protein, large, P1 
Rat Genomic DNA Contamination   
Reverse Transcription Control   
Reverse Transcription Control   
Reverse Transcription Control   
Positive PCR Control   
Positive PCR Control   
Positive PCR Control   

Table 13: Gene list of RT2 Profiler PCR Array (96-well format) Rat 
Osteogenesis Cat. No. 330231 PARN-026ZA (Qiagen). 
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Genomic DNA Elimination Mix Reverse-transcription mix per 
1 reaction 

5 µg RNA 
2 µl Buffer GE 
Molecular grade H2O to make it up 
to 10 µl in total 

4 µl 5x Buffer BC3 
1 µl Control P2 
2 µl RE3 Reverse Transcriptase 
Mix 
3 µl RNase-free water 

Table 14: Genomic DNA elimination mix, and reverse transcription mix 
that were prepared upon Qiagen’s RT2 Profiler PCR Array handbook. 

 

 

Table 15: PCR components and PCR cycles from Qiagen’s RT2 Profiler 
PCR Array handbook. 

2.17 Statistical Analysis 

GraphPad Prism 8 was used for all statistical analysis. The experiments 

were conducted with minimum three replicates, n=3. The initial step for 

all data sets is normality tests, where the data can be considered 

‘parametric’ or ‘nonparametric’ based on Gaussian distribution. For n≥3, 

the Shapiro-Wilk test or for n≥8, the D’Agostino test was used to test 

normality for all data. Depending on the normality and data set, different 

statistical significance tests were conducted based on data parameters 

(Table 16). All figure legends explain tests used to analyse each data set. 

The graphs outlined values as mean±standard error mean (SEM) and 

within the sections as mean±standard deviation (STDEV). Statistical 

significance was taken as p-value<0.05.   
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Data Set 
Number 

n=2 n≥3 

1. Normality Test - n≥3 Shapiro-
Wilk test 

- for n≥8 
D’Agostino test 

- n≥3 Shapiro-Wilk test 
- n≥8 D’Agostino test 

2. Statistical 
Significance 

- Parametric- 
Unpaired t-test 

- Nonparametric- 
Unpaired Mann-
Whitney Test 

-Parametric- Ordinary One-
way ANOVA, with Dunnet’s 
Post Hoc 
-Non-parametric- Kruskal-
Wallis, with Dunn’s Multiple 
Comparisons 

Table 16: Statistical Analysis conducted for different data sets.  
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Chapter Three: Characterisation of 
Ameloblastoma Cell Lines 

3.1 Introduction 

There is a gap in our understanding of the molecular mechanisms 

regulating ameloblastoma initiation and progression. In vitro models, in 

particular, 3D models, can play a pertinent role in furthering our 

understanding of such mechanisms. There are only a few established 3D 

models of ameloblastoma. However, they lack the key tumour 

microenvironment components. This research aimed to develop a 3D 

tumouroid model of ameloblastoma consisting of ameloblastoma cell 

lines (AM cells) to engineer a reproducible and robust model, with 

established invasion parameters, before introducing primary patient 

cells. The AM cells or patient cells have not been studied to date in 

biomimetic 3D tumouroid models other than 3D hydrogels composed of 

AM-1 cells and collagen type I (170). Thereby, this chapter provides 

novel data on ameloblastoma cell lines in 3D. There is no current 

information regarding whether AM cell lines survive the plastic 

compression process, which is used to generate stiff biomimetic collagen 

scaffolds, and how these cells grow and invade in 3D tumouroids. This 

chapte focused on characterising two ameloblastoma cell lines from the 

two most common types in terms of phenotypic differences, how they 

grow in 2D vs 3D, their invasion potential in 3D and the proteins that they 

express and release in 2D vs 3D. This chapter’s experiments were 

designed to support previous literature by 3D ameloblastoma tumouroids 

and add to the existing knowledge.  



 100 

Previous work using epithelial tumour cells in stiff collagen scaffolds has 

established tumour-specific morphologies, including cell clustering or 

spheroid formation. Therefore, the first hypothesis in this study is that 

both AM cell lines will form “spheroids” in 3D over a 7/14/21 day period, 

compared to healthy cells, which remain as individual cells (175). 

“Invasion of cancer cells” is one of the hallmarks of cancer and the initial 

step of metastasis. The invasion was defined as detachment of the 

cancer cell from the cancer mass and movement to the surrounding 

tissue (188). In 3D tumouroids, the invasion was defined as the outgrowth 

of tumour cells from the tumour mass to the surrounding stroma 

(175,189). Previous studies have reported different invasion patterns 

within the 3D tumouroids, mainly of two specific phenotypes. The first is 

“cell sheets” and the second is “invasive spheroid bodies” which have 

been described in multiple cancer types such as the osteosarcoma cell 

line, MG-63 (189). The cells invade as ‘cell sheets’, when they start 

invading from random sites of the tumour mass and spread throughout 

the stroma. The cell sheets were defined as heterogenous invasion 

throughout the stroma. The spheroid bodies are budding out from the 

tumour mass towards the stroma in a consistent spheroid body form 

(189). The AM cell lines were also expected to invade the surrounding 

stroma in a specific phenotype while in 3D complex tumouroids. 

Plexiform and follicular ameloblastoma have different histopathological 

properties.  Therefore, each cell line exhibits its morphology in 3D. As 

ameloblastoma is a benign tumour, the AM cell lines were thought to be 

less invasive and slow growing than more aggressive cancers. 
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Previous literature on bone resorption markers expressed in 

ameloblastoma; MMP-2, MMP-9, RANK, and RANKL (27), it was further 

hypothesised that AM cell lines would upregulate these markers 

significantly during invasion and growth within the tumouroid model. All 

the preliminary data optimised in this chapter are required to create a 

more complex 3D ameloblastoma model.  
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3.2 Materials and Methods 

3.2.1 Cell Culture 

AM-1, AM-3, MG-63, Saos-2 and RAW267.4 cells were cultured as 

described in chapter 2. The details of cell seeding density and culture 

duration were provided in the results’ figure legends.  

3.2.2 Fabrication of Tumour Masses and Complex Tumouroids 

The tumour masses were fabricated as described in chapter 2, and 

minimum three replicates were prepared for each experiment. The 

standard curves were created by seeding AM cells in different densities. 

For the tumour mass only experiments, the seeding densities were 

chosen to be between 30 000 to 50 000 per tumour mass depending on 

the culture periods. For the tumour masses within the complex 

tumouroids, the seeding density was kept at 50 000 cells per tumour 

mass. For complex tumouroids, two different types of stroma were 

created: acellular or with NuOss® cancellous granules. The proliferation 

rate and invasion pattern of cells in these two different stroma types were 

compared. Protein work was conducted only for acellular stroma. The 

experiments on the proliferation rate, DNA quantification and protein 

investigation in 3D included 2D controls, and the cell seeding densities 

in 24-well plates (Corning® Costar® through Sigma-Aldrich, Dorset, UK) 

were kept as same with 3D. The NuOss® cancellous granules (0.25-1.0 

mm (1.0 gram/2.4 cc)) are decellularised bone particles, and they were 

crushed into two different sizes as described in chapter 2. However, the 

particles <63 µm made the stroma challenging to analyse and image, 



 103 

thereby particle size of >63 µm was chosen for NuOss experimental set 

ups. 

3.2.3 Measurement of Invasion Distance and Spheroid Surface 

Area 

The invasion distances were measured from 4 different positions as 

described in chapter 2 and analysed using Image J (NIH, USA) (Figure 

22). The distance was calculated from the tumour mass border to the 

farthest cells or cell clusters within the stroma.   

The methodology used for measuring invasion distance and spheroid 

surface area was kept consistent throughout this thesis.  
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Figure 22: Methodology used to measure invasion distance and spheroid 
surface area using Image J (NIH, USA). Scale bar=50 µm (n=3). 

3.2.4 Histology of Complex Tumouroids 

The 3D complex tumouroid samples were processed, as described in 

chapter 2. The processing and sectioning steps required optimisation 

regarding the thickness of complex tumouroids, ranging between 100-

150 µm. The samples were embedded into the wax either from a 

vertical/side view (90oC) or from horizontal/bird’s eye view (0oC). 5 µm 
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sections were prepared. Imaging was achieved from both views, with 

same results.  

3.2.5 Enzyme-Linked Immunoabsorbent Assay (ELISA) 

All ELISAs were conducted and analysed based on their manufacturers’ 

protocols. The Human TNFSF11/RANKL ELISA Kit PicoKineTM 

(EK0842, Boster Bio, CA, USA) was used to measure RANKL levels. The 

osteosarcoma cell lines, Saos-2 cells, were chosen as the positive 

control for soluble RANKL (sRANKL) protein expression due to their 

osteoblast-like properties (190). Therefore, 5x104 cells/well were cultured 

in 24-well plates for 7 days, and media was collected on day 1, 3, 5, and 

7. Two sets of Saos-2 controls were designed; 1) 7 days in 37oC, 5% CO2 

and 21% O2 atmospheric pressure and 2) 6 days in 37oC and 5% CO2 

atmospheric pressure followed by 24 hours in 37oC and 1% O2 (hypoxic) 

atmospheric pressure. The cells were moved to a ‘hypoxic’ incubator on 

day 6 to optimise RANKL expression by Saos-2 cells (191).  

3.2.6 Molecular Biology 

The expression levels of invasion markers and bone resorption markers 

were investigated using RT-qPCR. Each of the 2D ameloblastoma 

cultures was extracted by using TRI Reagent®, and three cultures were 

prepared per condition. To get maximum quantity and quality RNA from 

3D ameloblastoma cultures, 4 cultures were pooled into one tube. Each 

condition was repeated 3 times, thereby 12 repeats per condition were 

prepared. All values were normalised to HPRT1.  
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3.3 Results 

3.3.1 Viability and Growth of AM Cell Lines in 3D Stiff Collagen 

Scaffolds 

For this study, two AM cell lines AM-1 and AM-3 from the two most 

common histopathological types of ameloblastoma; plexiform and 

follicular (47), respectively, were obtained as mentioned in chapter 2. It 

should be noted that growing both AM cell lines, in particular AM-3, can 

be difficult due to their slow-growing nature. Therefore, it is essential to 

ensure the cells retain cell-to-cell contact when resuscitated and 

throughout the passaging process. AM-1 and AM-3 cells have different 

cell morphologies in 2D (Figure 23 A,B,C&D). AM-1 cells have spindle 

shape, where AM-3 cells are rounded. 

Plastic compression increases the stiffness of the collagen matrices 

(192). As such, AM cell lines were monitored for their viability upon 

compression of the 3D collagen matrix before developing a complex 

tumouroid model. AM-1, AM-3 and MG-63 cells were seeded as 7.5x104 

cells per tumour mass and plastic compressed for 15 minutes. Low-

metastatic osteosarcoma, MG-63 cells were used as a positive control 

as MG-63 was shown to proliferate and form spheroids in 3D tumouroids 

(193). After culturing the tumour masses for 48 hours, LIVE/DEADTM 

Viability/Cytotoxicity Kit, for mammalian cells (InvitrogenTM through 

Thermo Fisher, Scientific, Loughborough) was used to examine cell 

viability. 62% of AM-1 cells, 72% of AM-3 cells and 88% of MG-63 cells 

survived plastic compression (Figure 23 E,F&G).  
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Figure 23: AM cells in 2D on day and Cell Viability of AM cells in 3D 
tumouroids on day 2. Phase-contrast images of AM-1 cells (A) and AM-
3 cells (B) on day 3 in 2D. Immunofluoresence images of AM-1 cells (C) 
and AM-3 cells (D) on day 3 in 2D. Red=Phalloidin, Blue=DAPI. Scale 
bar=200 µm, (A&B). Scale bar=100 µm, (C&D). Examination of AM cell 
lines’ viability in 3D tumouroids using LIVE/DEADTM Viability/Cytotoxicity 
Kit on day 2 (E,F&CG). Green=Live Cells, Red= Dead Cells. Scale 
bar=200 µm.  

 
Following cell viability assessment, it was essential to determine the 

optimum seeding densities for AM cell lines and have standard curves 

for metabolic activity and DNA quantity in 2D and 3D. AM-1, AM-3 and 

MG-63 cells were seeded in 24-well plates in each cell density triplicates. 

Cell numbers of 5000, 10 000, 25 000, 50 000, 75 000 and 100 000 cells 

per well were seeded both in 2D and 3D for each cell line. The cells were 

cultured for 24 hours (D1), and AlamarBlue® assay was applied as 

described in chapter 2. The same 2D samples were used for the total 

DNA assay. The DNA concentrations were increased with higher seeding 
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densities in all tested cell lines. The differences among readings for cell 

seeding densities smaller than 50 000 cell/well were not distinguishable. 

The accelerating metabolic activity trend of AM-1, AM-3 and MG-63 cells 

seemed to slow down in 100 000 cell/well compared to 50 000 cell/well 

(ns, ***p<0.001, ****p<0.0001, respectively) (Figure 24). Therefore, 50 

000 cells/well was chosen as the seeding density for the rest of the 

chapter for 2D and 3D set-ups. 

 

Figure 24: Establishment of cell seeding density of AM cells. 
AlamarBlue® assay 2D standards (A). Total DNA 2D standards (B). 
AlamarBlue® assay 3D standards (C). Metabolic activity values were all 
relative AlamarBlue® fluorescence units. Unpaired t-test; same cell line. 
One-Way ANOVA Dunnet’s Post Hoc; different cell lines. p-values 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (n=3). 

 
To measure metabolic activity over 21 days in 2D, 50 000 cells/well were 

seeded in 24-well plates. The metabolic activity was assessed on day 1, 

7, 14 and 21 by using AlamarBlue® assay, and the same samples were 

used to quantify total DNA. All three cell lines’ metabolic activities kept 



 109 

increasing up to day 14 and decreased by day 21. Regardless of the time 

point, AM-3 cells had lower metabolic activity than AM-1 and MG-63 in 

particular on day 14 (p<0.001) (Figure 25A, D & E). The total DNA 

quantities of all cell lines increase over time (Figure 25B). AM-1, AM-3, 

and MG-63 cells seemed to have the highest metabolic activity per cell 

on day 7 compared to day 14 (p<0.005, p<0.0005, and p<0.05, 

respectively) (Figure 24C). 

 

Figure 25: Proliferation of AM cell lines in 2D. AlamarBlue® assay 2D (A). 
Total DNA 2D (B). AlamarBlue®/ Total DNA 2D (C). Metabolic activity 
values were all relative AlamarBlue® fluorescence units. One-Way 
ANOVA Dunnet’s Post Hoc; different cell lines. p-values *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. (n=3).  

 
The 3D tumouroids with 50 000 cells/tumour mass and acellular stroma 

was set for each of the 3 cell lines, and metabolic activities were 

measured on day 1, 7, 14 and 21. A similar trend was observed with 

regards to metabolic activity increased up to day 14, with AM-3 cells 
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exhibiting significantly lower activity than AM-1 cells AM-1 cells (p<0.05) 

and MG-63 cells (p<0.05) (Figure 26A). The total DNA assay was 

challenging to apply to 3D tumouroids. Therefore, QUBIT 3.0 was used 

to measure the DNA quantity of the cells within the tumour mass at day 

1, 3, 7, and 10, as described in chapter 2. A rise in DNA quantity was 

expected due to the increase in cell numbers. In line with 2D total DNA 

results, AM-3 cells had lower DNA quantity than AM-1 (p<0.05) and MG-

63 (p<0.05) (Figure 26B). The efficiency of different metabolic assays: 

AlamarBlue® and CellTiter-Glo® were compared. CellTiter-Glo® 3D 

Viability Assay was used to assess metabolic activity of the cells on day 

1, 7, 14 and 21. Unlike AlamarBlue® assay, CellTiter-Glo® detected 

higher metabolic activity for all cell lines at day 21 than day 14. Similar to 

2D and 3D AlamarBlue® assay data, on day 21, MG-63 had the highest 

metabolic activity, followed by AM-1 cells (p<0.001) and AM-3 cells 

(p<0.001) (Figure 26C). CellTiter-Glo® results were used to determine 

metabolic activity in 3D.  
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Figure 26: Proliferation of AM cell lines in 3D. AlamarBlue® 3D assay (A). 
QUBIT 3.0 3D (B). CellTiter-Glo® 3D Viability-Assay (C). Metabolic 
activity values were all relative AlamarBlue® fluorescence units. 
CellTiter-Glo® values were relative to luminescence values. One-Way 
ANOVA Dunnet’s Post Hoc, all data sets. Kruskal-Wallis post hoc Dunn 
test; QUBIT D1. p-values *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

3.3.2 AM Cell Lines Form Spheroids in 3D 

A key phenotypic characteristic of cancer cells in 3D is the formation of 

spheroids (175,189). As such, the ability of AM cells to form spheroids in 

3D constructs were tested. AM-1 and AM-3 cells were seeded as 50 000 

cells/tumour mass and embedded within an acellular stroma. The 

tumouroid was immunofluorescence stained for actin cytoskeleton using 

phalloidin and for nuclei using DAPI. Both AM-1 and AM-3 cells formed 

spheroids by day 7 (Figure 27A&B). The 3D tumour masses were imaged 

at 4 positions; 12’, 3’, 6’ and 9’ as described in chapter 2 and then the 

images were stitched using Image J (NIH, USA) ‘image stitching’ (Figure 
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28A). The spheroid formation did not occur from definite sites and was 

uniform throughout the tumour mass.   

 

Figure 27: Formation of spheroids in 3D tumouroids on day 7. Day 7 (D7) 
immunofluorescence images of AM-1 cells in 3D tumouroids (A&B). Day 
7 (D7) immunofluorescence images of AM-3 cells in 3D tumouroids 
(C&D). Red=Phalloidin, Blue=DAPI. A&C, Scale bar=200 µm. B&D, 
Scale bar=100 µm. 

 
The spheroid sizes of AM cell lines were compared to MG-63 in 3D 

tumouroids on day 1, 7, 14 and 21. The spheroid sizes increased over 

time for all 3 cell lines. AM-3 cells formed smaller spheroids than AM-1 

and MG-63 at all time points (Figure 28B).  By day 14, the difference 

between the spheroid sizes became more distinct. The average spheroid 

size of AM-3 cells was 3273 µm2±483 µm2 (mean±SE), and of AM-1 cells 

was 5626 µm2±383 µm2 (p<0.05). MG-63 spheroids were twice the size 

of AM-3 spheroids with a surface area of 7598 µm2.± 1318 µm2 

(p<0.0001).  
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Figure 28: Tumour mass and spheroid size. ‘Image stitching’ of day 7 
AM-3 3D tumour mass images from 4 positions using Image J (A). 4x 
Magnification. Scale bar=500 µm. Red=MMP-9, Blue=DAPI. Spheroid 
Size (B). One-Way ANOVA, Dunnet’s Post Hoc; D7, D14. (n=9). Kruskal-
Wallis post hoc Dunn test; D21. p-values *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 

 

3.3.3 AM Cell Lines Have Different Patterns of Invasion 

The next step was to assess the ability of the AM cells to invade towards 

the surrounding stroma within the 3D complex tumouroids as seen in 

other tumour cells including MG-63 (175,189). The 3D complex 

tumouroids were imaged on day 1, 7, 14 and 21. The invasion was 

determined as the outgrowth of tumour cells from the tumour mass 

boundary to the surrounding stroma, and the invasion distance was 

measured as described in chapter 2. The cells started to approach the 

tumour mass boundary by day 7, either in spheroids or single cells 

(Figure 29). 
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Figure 29: The difference in invasion from the tumour mass boundary for 
AM-1 and AM-3 at different time points. The tumour mass boundary (A). 
The cells (only AM-1 shown here) started forming spheroids within the 
tumour mass on day 7 (B). AM-1 cells invade as cell sheets on day 14 
(C). AM-3 cells invade as spheroid bodies on day 14 (D). Scale bar=100 
µm. 

 
To determine whether AM cell lines have specific invasion patterns in 3D 

as observed in other cancer cell lines, 9 repeats of 3D complex 

tumouroids of each cell line were set. The tumouroids were imaged on 

day 1, 7, 14 and 21. The 3D tumouroids were monitored to determine the 

invasion start day of each cell line. The invasion start day for AM-1 and 

AM-3 cells were ~7 days (Table 17). 

In this experiment, two different invasion patterns were observed: the cell 

sheets or the invasive spheroid bodies (Figure 29&30). AM-1 cells 
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invaded as cell sheets in all repeats and MG-63 cells, where the cells 

invaded throughout the stroma as either single cells or cell clusters. The 

AM-3 tumouroids predominantly invaded by forming invasive bodies 

outgrowing from the tumour mass towards the stroma, and only 1 of 9 

repeats presented the cell sheets pattern (Table 17). The invasive 

spheroid bodies were determined as the budding of cells from the tumour 

mass and proliferating within the bud attached to the tumour mass. 

 
Figure 30: Invasion from tumour mass boundary. Day 7 (D7) 
immunofluorescence images of AM-1 cells in 3D tumouroids invading as 
‘cell sheets’ (A). Day 7 (D7) immunofluorescence images of AM-3 cells 
in 3D tumouroids invading as ‘spheroid bodies’’ (B). Red=Phalloidin, 
Blue=DAPI. Scale bar=100 µm. 

 
Cell Line Invasion Start Day 

(mean±SEM) (n=9) 
Invasion Pattern 

(n=9) 
AM-1 7.2±0.1 9 Cell Sheets 
AM-3 7.3±0.2 8 Spheroid Bodies 

1 Cell Sheets 
MG-63 6.6±0.2 9 Cell Sheets 

Table 17: Invasion Start Day (mean±SEM) and Invasion Pattern. (n=9). 

3.3.4 Cell Sheets Invade Longer Distances than Spheroid Bodies 

The distances of invasion were recorded on day 1, 7, 14, and 21 on the 

given focal plane as described in chapter 2. The invasion distances 

gradually increased over 21 days for all cell lines. On day 7, the invasion 

had only started, with no differences in the invasion distances were 

noticed. On day 14, the cell lines invading as cell sheets, AM-1 
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(p<0.0001) and MG-63 (p-value<0.0001), started to invade to longer 

distances than AM-3. This difference became distinct at day 21 as the 

AM-3 did not invade as distances as AM-1 (p<0.05) and MG-63 

(p<0.0001) cells but rather stayed localised around the tumour mass on 

the given focal plane. MG-63 cells reached a distance of 474 µm±11 µm 

(mean±SEM), and AM-1 cells to distance of 402 µm±12 µm.  Whereas 

AM-3 cells had a mean invasion distance of 250 µm±14 µm (Figure 31).  

The cell lines that invaded as cell sheets (AM-1 and MG-63 cells) started 

to invade from a wider area of the tumour mass, whereas AM-3 cells 

picked localised areas of the tumour mass to form their spheroid bodies. 

Cell sheets invaded to longer distances as individual cells or clusters. 

The spheroid bodies kept their form over time and invaded as either 

expanding within body size or proliferating within the body (Figure 32).  

 

Figure 31: The distance of invasion (µm). One-Way ANOVA, Dunnet’s 
Post Hoc; D7, D14. Kruskal-Wallis post hoc Dunn test; D21. p-values 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (n=9). 
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Figure 32: The distance of invasion of AM-1, AM-3 and MG-63 cells in 
3D tumouroids over 21 days. Scale bar=100 µm. 

3.3.5 Addition of Bone Mineral to the Stroma Does Not Alter Growth 

or Invasion of AM Cell Lines 

This study aimed to understand the effect of the stromal matrix 

composition on AM cell lines in a 3D complex tumouroid. To make the 

stroma more bone-like, NuOss® cancellous granules (>63 µm) were 

added to the stroma of both AM-1 tumouroids and AM-3 tumouroids as 

described in chapter 2. The cultures were kept over 21 days, measuring 

metabolic activity and distance of invasion every 7 days. The metabolic 
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activities of the AM cells were compared in the presence and absence 

(acellular) of a NuOss® containing stroma. No differences in metabolic 

activity were observed in the NuOss® containing tumouroids and cellular 

tumouroids in both AM-1 cell line (Figure 33A) and AM-3 cell line (Figure 

33B) at day 1, 7, 14 and 21. 

To determine whether NuOss® presented as a chemical or physical 

attractant for AM cell lines, the distance of invasion from the tumour mass 

was measured on day 1, 7, 14 and 21. Neither the distance of invasion 

(Figure 33 C&D) nor invasion direction (Figure 34 A&B) was affected by 

NuOss® addition. The invasion directions were random, as seen in the 

acellular stroma, not specifically towards NuOss® granules. 

 

Figure 33: NuOss® addition to stroma around AM tumour mass. 
Metabolic activity of 3D AM tumouroids with acellular stroma and 
NuOss® stroma over time (A&B). AM-1 AlamarBlue® (A). AM-3 
AlamarBlue® (B). Distance of Invasion of 3D AM tumouroids with 
acellular stroma and NuOss® stroma over time (C&D). AM-1 Distance of 
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Invasion (C). AM-3 Distance of Invasion (D). Unpaired t-test, p-values * 
p<0.05. (n=3). 

 

Figure 34: 3D AM complex tumouroids with acellular and NuOss® 
stroma. The invasion of AM-1 and AM-3 cells in 3D complex tumouroids 
with acellular stroma (A) and NuOss® stroma (B) on day 14. Scale 
bar=100 µm. 

3.3.6 The Biomimicry of 3D AM Tumouroid Model 

To assess the biomimicry of the 3D AM tumouroid model in terms of 

representation of ameloblastoma histopathological features, histological 
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H&E analysis was conducted to compare the associated patient samples. 

The patient samples were obtained, as mentioned in chapter 2. AM-1 3D 

tumouroids successfully mimicked the anastomosing cords formed in the 

plexiform patients, aligning to form branches in 3D as seen in plexiform 

patients (Figure 35A). AM-3 3D tumouroids displayed the main 

histopathological characteristics of follicular ameloblastoma, developing 

similar odontogenic islands as observed in the follicular patient samples 

(Figure 35B). The odontogenic islands were frequent and spread 

throughout the AM-3 tumouroid as seen in follicular patients (Figure 35B). 
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Figure 35: Histology H&E staining of patient samples and AM tumoroids. 
Histology H&E staining of plexiform patient samples and 3D AM-1 
tumouroids (A) and of follicular patient samples and 3D AM-3 tumouroids 
(B). Anastomosing cords and the odontogenic islands were highlighted. 
Scale bar=100 µm. Bottom row, scale bar=400 µm 
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3.3.7 AM Cell Lines Express Bone Resorption Markers 

The next step was to investigate the expression of bone resorption and 

invasion markers: MMP-2, MMP-9, RANK, and RANKL in AM cell lines. 

2D and 3D cultures of AM cell lines were prepared. MG-63 cells were 

used as a control for MMP-2 and MMP-9, (194) and Saos-2 cells were 

chosen as a control for all markers (194,195). The cultures were imaged 

on day 1, 3, and 7 to detect membrane-bound forms of the proteins and 

culture supernatant was collected over time for ELISA to quantify soluble 

forms of the proteins. For gene work in 3D, AM-1 and AM-3 cells were 

seeded in 24-well plates.  

MMPs are considered invasion markers for ameloblastoma (108), 

thereby identifying MMPs in AM cell lines verified their ability to invade to 

the surrounding stroma. Membrane-bound MMP-2 was detected in AM-

1 cells only in 3D cultures at day 7, whereas AM-3 cells started 

expressing MMP-2 in 3D by day 3 (Figure 36A,B,C&D). MG-63 and Saos-

2 cells were positive for MMP-2 (Supplementary image 1). 

Total MMP-2 Human ELISA detected both pro- and active forms of MMP-

2 released in the culture supernatant (Figure 37A). At day 1, only 2D MG-

63 (20.0±0.4 ng/ml), and 3D MG-63 (20.7±0.9 ng/ml) expressed MMP-2.  

Despite the detection of membrane-bound MMP-2 in AM-1 3D cultures, 

there was no soluble MMP-2 in any of AM-1 cultures throughout this 

experiment. AM-3 cells significantly released more MMP-2, when they 

were in 3D, 5.0±0.2 ng/ml compared to 2D, 0.9±0.1 ng/ml at day 3 (p-

value<0.0001). This result was consistent on days 5 and 7 (p-

value<0.0001). By day 7, AM-3 cells released 6.6±0.2 ng/ml of MMP-2 in 
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2D and 13.0 ng/ml in 3D (Figure 37A). This result was confirmed with 

qPCR with MMP-2 upregulated by 2-fold in 3D AM-3 compared to 2D 

AM-3 cells on day 7 (p<0.05). MMP-2 was detected in 2D and 3D AM-1 

cultures (Figure 37B). MG-63 cells expressed high levels of MMP-2 at all 

time points in both 2D and 3D (p-value<0.001) (Figure 37A). The other 

osteosarcoma cell line, Saos-2 cells, however, illustrated distinct MMP-2 

profiles, with significantly higher MMP-2 levels in 3D, 14.7±1.7 

ng/ml)	compared to 2D, 1.3±0.2 ng/ml (p-value<0.001).  

 

Figure 36: MMP-2 expression in AM cells in 3D. MMP-2 
Immunofluorescence (IF) of AM-1 on day 3 (A). MMP-2 IF of AM-1 on 
day 7 (B). MMP-2 IF of AM-3 cells on day 3 (C). MMP-2 IF of AM-3 cells 
on day 7 (D). Red=MMP-2, Blue=DAPI. Scale bar=100 µm. 
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Figure 37: MMP-2 expression in AM cells in 2D and 3D. MMP-2 Human 
ELISA, AM-1 cells were not shown in the graph as AM-1 cells did not 
release MMP-2 in any conditions on day 1 (D1), D3, D5, and D7 (A). 
MMP2 mRNA expression on day 7 (D7) (B). One-Way ANOVA, Dunnet’s 
Post Hoc; p-values *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (n=3). 

 
Weak expression of membrane-bound MMP-9 was observed in AM-1 

cells only in 3D on day 7. In comparison, AM-3 cells expressed MMP-9 

earlier than AM-1 in 3D at day 3. The highest membrane-bound MMP-9 

expression was in 3D AM-3 cultures on day 7 (Figure 38A,B,C&D). MMP-

9 ELISA specific to pro- and active forms of MMP-9 was conducted on 

the supernatants of the same samples over time. AM-1 cells released 
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MMP-9 into the culture medium only at day 7 and higher in 3D (2.0±0.1 

ng/ml) than in 2D (1.2±0.1 ng/ml) and in 3D (p<0.005) (Figure 39A). This 

result was confirmed with MMP-9 mRNA expression on day 7 (p<0.005) 

(Figure 39B). Whereas AM-3 cells started releasing MMP-9 at day 3 both 

in 2D (1.8 ng/ml) and 3D (2.2±0.1 ng/ml). The protein levels were 5.6-fold 

higher in 3D AM-3 3D (19.6±0.2 ng/ml) samples than 2D (3.5±0.3 ng/ml) 

at day 7 (p<0.0001). AM-3 cells expressed 16 times higher MMP-9 than 

AM-1 in 2D at day 7 (p<0.0001). The expression of the membrane-bound 

MMP-9 was weak in both of the osteosarcoma cell lines in all conditions 

(Supplementary image 1).  

 

Figure 38: MMP-9 expression of AM cells in 3D. MMP-9 
Immunofluorescence (IF) of AM-1 on day 3 (A). MMP-9 IF of AM-1 on 
day 7 (B). MMP-9 IF of AM-3 cell on day 3 (C). MMP-9 IF of AM-3 cells 
on day 7 (D). Red=MMP-9, Blue=DAPI. Scale bar=100 µm. 
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Figure 39: MMP-9 expression in AM cells in 2D and 3D. MMP-9 Human 
ELISA on day 1 (D1), D3, D5, and D7 (A). MMP9 mRNA expression on 
day 7 (B). One-Way ANOVA, Dunnet’s Post Hoc and Kruskal-Wallis post 
hoc Dunn test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (n=3). 

 
AM-3 cells expressed RANK in 3D tumour masses on day 3, and the 

expression was higher at day 7 (Figure 40A). AM-3 cells did not express 

RANK in 2D at day 3 (Supplementary image 1). Saos-2 cells expressed 

membrane-bound RANK (Supplementary image 1). The gene for RANK, 

TNFRSF11A was 2.6-fold upregulated in 3D AM-3 than in 2D AM-3 on 

(p<0.01) (Figure 40B). AM-1 cells expressed RANK when they were in 

3D tumour masses only at day 7 (Figure 40A).  
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Figure 40: RANK expression in AM cells in 2D and 3D. RANK 
Immunofluorescence (IF) in AM-1 on day 3 in 3D (A). RANK IF of AM-1 
on day 7 in 3D (B). RANK IF of AM-3 day 3 in 3D (C). RANK IF of AM-3 
cells on day 7 in 3D (D). Red=RANK, Blue=DAPI. Scale bar=100 µm. 
RANK IF of AM-3 cells on day 7 in 3D (D), scale bar=50 µm. RANK 
(TNFRSF11A) mRNA expression in AM-1 and AM-3 cells on day 7 in 2D 
and 3D. One-Way ANOVA, Dunnet’s Post Hoc; **p<0.01. (n=3). 

RANKL can be found as membrane-bound or soluble (24). Therefore, IF 

staining and ELISA were conducted on the 2D cultures and the 3D 

tumour masses. Membrane-bound RANKL was not identified in AM-1 

and Saos-2 cells in any of the conditions (Figure 41A&D). AM-3 cells 
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indicated RANKL expression only in 3D on day 7 (Figure 41E&F). Soluble 

RANKL levels were difficult to detect. After replicates of ELISAs 

maximum of 1.0x10-2 pg/ml of RANKL was found in 2D Saos-2 cells. 

RANKL levels remained low for all cell lines. 3D cultures seemed to 

reduce RANKL release into cell culture media compared to 2D. For 

example, 3D AM-3 cells had RANKL concentration of 2.8x10-3 pg/ml, and 

this concentration was 3-fold higher (8.2x10-3 pg/ml) in 2D at day 7 (p-

value<0.0001) (Figure 41E). No significant difference in the expression 

of TNFSF11 (RANKL) was detected among different cultures on day 7 

(Figure 41F).  

 

Figure 41: RANKL expression in AM cells in 2D and 3D. RANKL 
Immunofluorescence (IF) of the AM-1 cells on day 7 in 3D (A). RANKL IF 
of AM-3 cells on day 7 in 3D (B). RANKL IF of AM-3 cells on day 7 in 3D 
(C). RANKL IF of SaOS-2 cells on day 7 in 3D (D). Red=RANKL, 
Blue=DAPI. (A,B&D), Scale bar=100 µm. (C), Scale bar=50 µm. RANKL 
Human ELISA on day 1 (D1), D3, and D7 (E). Expression of RANKL 
(TNFSF11) on day 7 (F). One-Way ANOVA, Dunnet’s Post Hoc and 
Kruskal-Wallis post hoc Dunn test; p-values **p<0.01, ****p<0.0001. 
(n=3). 

3.3.8 TRAP Staining 

The ameloblastoma patient samples were further analysed and imaged. 

The tumour microenvironment composed of stromal cells, including 



 129 

fibroblasts and RANKL-activated osteoclasts. Bone resorption pits were 

detected (Figure 42). Therefore, the next step was to investigate whether 

the AM cells have osteoclast-like properties. TRAP staining that is 

specific for TRAP5B enzyme was conducted. TRAP5B  is an enzyme 

found in osteoclasts and responsible for removing bone degradation 

products from the resorption pit (Figure 43) (174).  

 

Figure 42: Histology H&E staining of ameloblastoma patient sample 7 
provided by Dr Amrita Jay. bar=50 µm. 

 



 130 

 

Figure 43: TRAP5B enzyme transports bone degradation products from 
the resorption pit. Schematic diagram created from the data in (174). 

 
The AM-1, AM-3, and mature osteoclasts (RAW264.7) cells were 

cultured in 2D for 3 days, and the TRAP staining was performed as 

described in chapter 2. A subclone of RAW264.7 cells were used as a 

positive control, where the TRAP-positive osteoclasts were stained 

purple. Both AM-1, and AM-3 cells were TRAP negative compared to the 

positive control (Figure 44).  

 

Figure 44: TRAP staining of AM-1, AM-3, and RAW264.7 on day 3 in 2D. 
Scale bar=100 µm. 
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3.4 Discussion 

This chapter provided essential novel preliminary data for the 

ameloblastoma field. Cell lines are key to establishing in vitro models and 

making the models robust enough for patient cells. Using well-

established characteristics of ameloblastoma we aimed to map these 

with well-studied cancers. The AM cell lines have been difficult to 

establish and grow over the last decades, and this study managed to set 

up experiments with two cell lines from the most common 

histopathological subtypes. This chapter aimed to understand whether 

the ameloblastoma the cell lines represent the actual AM subtypes. The 

other aim was to understand the similarities and differences between 

plexiform and follicular types at cell line level. This study is the first to 

report the establishment of the 3D complex tumouroids with the AM cell 

lines. This model includes a stroma that was kept acellular at first to 

provide baseline data and to point out the invasion features of the cells.  

We noticed differences between AM-1 and AM-3 cell lines in terms of 

their growth, invasion, the proteins they express and their 

histopathological features. The AM-3 cells were slow-growing compared 

to AM-1 cells with a shorter invasion distance. The invasion patterns of 

both cell lines seemed to match with their histopathological properties. 

The AM-3 cells invade as invasive bodies in line with the odontogenic 

islands they formed in 3D. The AM-1 cells invaded as cell sheets to 

longer distances, which fits their ability to form branches throughout the 

tumouroid. The biomimicry of our model has proven with the histology 

analysis of the AM tumouroids and the patient samples. It has been 

reported that the histopathological subtypes are not associated with 
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prognosis, and both plexiform and follicular types can be found together 

(51). It might be worth investigating the patient samples in our model.  

Using different metabolic activity assays to assess AM cells in 3D, I was 

able to determine the most accurate assay. Cell-Titer Glo® was more 

effective for 21 days-old 3D complex tumouroids as AlamarBlue® did not 

seem to penetrate the spheroids formed by day 21. However, a notable 

limitation of Cell-Titer Glo®, is that it was not possible to use the same 

samples for fixing or staining.   

To create a bone-like stroma around the AM tumour masses, NuOss® 

granules were added. Previously, NuOss® was identified to act as an 

attractant and booster for MG-63 invasion in 3D tumouroids (189). 

However, we reported that NuOss® granules were not enough to 

increase the invasion rate or metabolic activity of the AM cells. The 

reason might be the fact that NuOss® granules are not composed of live 

material, and they would only increase the calcium content of the stroma. 

Thereby, the AM cell lines might be failing to sense the low impact of the 

high calcium levels in the stroma due to their slow growth rate compared 

to MG-63 cells. This finding brought us to the point of need for a ‘live 

bone stromal component’ in our 3D tumouroid model and led us to adapt 

and redesign our model.  

One of the most important finding of the section 3.3.7 was how culturing 

AM cells in 3D upregulates the expression of proteins involved in bone 

resorption and invasion. This can be because AM cells release more 

gelatinase enzymes in 3D, as they would have the collagen to degrade. 

The protein quantifications supported this finding, where 2D cultures had 

either reduced amount or even were missing the protein of interest. We 
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are first to compare the expression levels of MMP-2, MMP-9, RANK and 

RANKL by AM cell lines in 2D and 3D. Overall, AM-3 cells (follicular) 

expressed higher MMP-2, MMP-9, RANK and RANKL than AM-1 cells. It 

could be when the spheroid bodies of AM-3 cells could enhance and 

autocrine effect. Gene work conducted on both AM-1 and AM-3 cell lines 

confirmed the expression of bone resorptive markers and invasive 

markers. Our findings on the high expression of MMP-2 by MG-63 cells 

were in line with the literature (194). However, our data could not meet 

previous findings on MMP-9 expression in MG-63 and Saos-2 cells 

(194,196) regardless of our repeats, where both AM cells expressed 

MMP-9.  

Another controversial finding was, sRANKL could only be detected in 

very low amounts, even in the positive control of Saos-2 cells. Saos-2 

cells are osteoblastic cells, and we were expecting them to release 

RANKL (197). Although the cells were cultured in hypoxic conditions, 

RANKL release could not be stimulated. This could be due to not having 

optimum cell seeding density and timepoints. Detection of sRANKL is key 

to study osteoclast activation by AM cells. As we detected membrane-

bound RANKL in AM-3 cells and low TNFSF11 (RANKL) expression both 

in AM-1 and AM-3, it is essential to stimulate the cleavage of the trapped 

RANKL from the cells to be able to detect in the culture supernatant. 

Thereby, adding RANKL cleavage enzymes, including TACE or ADAM10 

(24), can release RANKL trapped within the cell membrane.  

Considering that AM cells express RANK on their membrane, it could be 

the case that they can resorb bone. Our results suggest that the AM cell 

lines do not have osteoclast-like properties. However, they express the 
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MMPs that are directly involved in ECM degradation. This brought us 

back to the hypothesis on bone resorption induced by AM-driven 

osteoclasts. Therefore, it is crucial to understand how ameloblastoma 

cells drive osteoclasts to the bone, and our model creates an 

environment to study this mechanism.  

Our model is still missing crucial tumour microenvironment components. 

As ameloblastoma tumour stroma consists of stromal cells, including 

fibroblasts, incorporation of these is required (171).   

The cell lines are not an accurate representation of in vivo due to the 

immortalisation methods used and being originated from one patient. 

HPV infections are involved in the pathogenesis of head and neck 

tumours (198). Therefore, the immortalisation of the AM-1 cells with HPV-

16 might have induced differences in their morphology and genes. 

Although the results from cell lines will not be enough to understand 

ameloblastoma characteristics, the preliminary data and the details of the 

optimisation process that this section provides will guide future 

ameloblastoma research. We have set baseline data on the growth and 

the invasion of the two AM cell lines in 3D tumour masses and the 

complex tumouroids. This data will enable us to make the model more 

complex and biomimetic to study the effects of ameloblastoma on bone 

homeostasis. This preliminary work will be used as control data in the 

advancement of the 3D models and eventually models with the patient 

samples to be used in developing personalised drug therapies.   



 135 

Chapter Four: 3D in vitro Bone Nodule 

Formation 

4.1 Introduction 

Based on the need for a ‘live bone’ stroma to investigate ameloblastoma 

action, this chapter focused on in vitro bone nodule formation in 3D. 

Tumour cells are highly associated with their stroma (199), and we should 

achieve stromal complexity in ameloblastoma models to understand 

molecular mechanisms. Creating an active bone -orming model around 

AM cells will enable us to observe how ameloblastoma interacts with the 

bone stroma. This bone stroma will allow us to create more complex AM 

tumouroid models by introducing other bone cells and endothelial cells.  

The primary MSCs can proliferate and differentiate into osteoblasts and 

form bone nodules in vitro. Within the MSC pool, cells are either retained 

as MSc-, or differentiated into preosteoblasts, osteoblasts and 

osteocytes. Each of these has different cell morphologies; fibroblastic, 

polygonal, cuboidal and stellar shape, respectively. The mature 

osteoblasts can form their own ECM and mineralise within that. The 2D 

in vitro studies generated visible bone nodules within ~10 days, where 

fibroblastic cells are seen at ~day 6 and cuboidal cells at ~day 9. The cell 

density of the premature nodules were found to be 5 to 35 cells (200,201).  

For this chapter, primary calvarial osteoblasts were used for their ability 

to differentiate into osteoblasts and high capacity to form bone that is 

visible by the eye. These cells are well-established, with significant 

publications on them (177,202). This assay allows researchers to 
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distinguish phases between bone matrix deposition and mineralisation 

(177,202). The osteoblasts can be isolated from the calvaria by removing 

other cells found in the bone, such as endothelial and haematopoietic 

cells (203). These osteoblast-only cultures enable us to eliminate 

environmental factors and control the extracellular factors, including pH 

and pO2. Through this assay, the osteoblastic lineage stages can be 

investigated including the early stages and late stages with the mature 

bone-forming osteoblasts (204). It is also possible to control age, gender 

and other conditions of the rats, which helps us get consistent cell 

population for each experimental set-up. Therefore, batch-to-batch 

variabilities observed in humans would be minimized through this assay. 

The bone marrow-derived human MSCs (hMSCs) are usually obtained 

from hip replacement operations (205), show variability from patient to 

patient. The first in vitro bone nodule formation using rat primary calvaria 

cells was described in 1986 (206). Different protocols have been used to 

obtain primary calvarial rat osteoblasts, and throughout this project, the 

optimised method by Orris et al. 2014 (207) was used.  

There are several different methods used to characterise bone nodules. 

1) ‘Alizarin red staining’ stains for calcium and 2) ‘Von Kossa staining’ is 

used to stain phosphate in the late stages of osteogenesis (208,209). 3) 

Measurement of the bone nodule dimensions demonstrates the 3D 

structure. The sizes of the nodules were reported to increase up to a 

certain time. For example, the study by Mechiche et al. 2016 measured 

the  20-day cultured bone nodule size as 70-100 µm (210,211). However, 

further analysis is required to better understand the configuration of the 

minerals and collagen fibres using 4) transmission electron microscopy 
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(TEM) or scanning electron microscopy (SEM). 5) Raman spectroscopy 

and fourier-transform infrared spectroscopy (FTIR) are for detailed 

compositional analysis (212,213).  

There are 3D in vitro bone formation studies but not as extensive as 2D 

studies. Previous studies were limited to the lack of ability to show 

complete bone nodule formation. One of the most detailed works in 3D 

focused on bone nodule formation by rat calvarial cells in a 3D scaffold 

composed of collagen I (uncompressed) and MEM (214). This mix was 

neutralized with 1M NaOH and 186 mM NaHCO3. The bioactive glass 

particles were also added before polymerisation of the scaffold. 

Previously, bone formation was studied in other 3D scaffolds, including 

3D gelatin-coated porous poly (ε-caprolactone) scaffolds (215,216). The 

majority of the 3D studies used a limited number of bone characterisation 

methods such as Von Kossa staining, Alizarin red staining, and gene 

analysis (214–216). However, nodules should be more defined and 

characterised with other techniques to be considered bone nodules.  

Moreover, a small number of studies investigate gene markers for bone 

formation. Various genes were used to characterise the 3D model 

established in this chapter fully. In this chapter, gene markers for 

osteoblast, osteocyte, bone formation, and the osteoblastic lineage were 

investigated for further characterisation. Mineralisation is regulated 

through the levels of inorganic phosphate (Pi) and inorganic 

pyrophosphate (PPi). Biphasic mineralisation is achieved through 

hydroxyapatite (HA) formation as a combination of the inorganic Pi and 

Ca2+. The matrix vesicles (MV) are responsible for HA transport outside 

of the osteoblasts. Fibrillar collagen synthesised by the osteoblasts form 
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complexes with the high levels of HA, which leads to the production of 

ECM. There are several genes involved in the regulation of mineralisation 

levels. ALP enables mineralisation by hydrolysing PPi to Pi. E-NPP1 

increases intracellular PPi levels, where ANK transports PPi outside of 

the cells and disturbs extracellular PPi/Pi level by causing accumulation 

of PPi. The osteocytes as well as osteoblasts release sclerostin to 

downregulate mineralisation. The bone matrix protein, Osteopontin 

(OPN) is expressed by the osteoblastic cells and inhibits mineralisation 

by blocking HA deposition (Figure 45) (217–221). 

 

 

Figure 45: Schematic diagram summarising bone mineralisation.   

 
This chapter aimed to form bone nodules in 3D for future use in 

ameloblastoma research and other bone-associated diseases. We tried 

different 3D culture methods to grow and differentiate osteoblasts. As a 

novel approach, the RAFTTM protocol was used as described in chapter 

2. We hypothesised that a dense collagen matrix could be a suitable 

environment for bone matrix deposition and mineralisation by resident 

osteoblasts. We focused on the extensive characterisation of the bone 
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nodules using different methods. Each of the method was optimised 

specifically for our 3D model. 

4.2 Materials and Methods 

4.2.1 In vitro Bone Nodule Formation 

The confluent calvarial rat osteoblasts were passaged, as described in 

chapter 2. The cells were seeded either in 2D (control) or 3D hydrogels 

(uncompressed) or plastic-compressed (PC) collagen. 24-well 3D culture 

volumes were used. The 3D cultures were prepared like the complex 

tumouroids without the tumour mass. A total of 1.3 ml collagen/cell mix 

was added per well. For hydrogel cultures, plastic compression was not 

conducted, where other cultures were plastic compressed. For the 

optimisation of 3D bone nodule formation, different conditions were 

prepared. The uncompressed gels were defined as ‘soft matrix’, and the 

compressed gels were defined as ‘stiff matrix’ as plastic compression 

increases the stiffness of the gels (192). The cells were seeded either 1) 

on top of the soft matrix or 2) mixed into the soft matrix or 3) on top of the 

stiff matrix or 4) mixed into the stiff matrix. The 4) was the culture 

optimised to generate the most consistent high number of bone nodules 

was taken forward as the ‘3D bone stroma model’, which was used in the 

bone characterisation experiments. For metabolic activity assays, the 

cultures were made in triplicates for each time point separately (Figure 

46). 
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Figure 46: The cultures with different matrices made for optimising 3D 
in vitro bone nodule formation.  

 
All cultures were grown in α-MEM medium (GibcoTM through Thermo 

Fisher Scientific, Loughborough, UK), supplemented with 10% FBS, 

2mM L-glutamine (Life Technologies) 1% antibiotic/antimitotic (100 

units/ml penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin) 

(Sigma-Aldrich, Dorset, UK). 1 ml of media was added per well unless 

stated otherwise, and half media change (500 µl) was completed every 

48 hours. Both 2D and 3D cultures were cultured for 3 days before the 

addition of α-MEM with bone morphogenic agents (BMA). The BMA 

media was prepared through adding 2 mM β-glycerophosphate, 10 nM 

dexamethasone, and 50 μg/ml ascorbate (Sigma-Aldrich, Dorset, UK) to 

α-MEM. The α-MEM with BMA was pre-conditioned for 12 hours at 37oC, 

5% CO2, and 20% O2 within tissue culture flasks, to achieve the right pH 

for bone nodule formation (203). The pH was measured using Kenway® 

3510 Bench pH meter (Fisher Scientific Ltd., Leicestershire, UK). Phase-

contrast images were taken by either the EVOS XL Core Microscope (Life 

Technologies) or the Zeiss AxioObserver with Apotome.2 instrument and 

software (Zeiss, Oberkochen, Germany). 
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4.2.2 In vitro Bone Nodule Characterisation 

From the microscope’s brightfield filter, the crystal shapes and black dots 

were defined as HA formation and mineralisation, respectively. This 

definition was created based on structural information deducted from 

Orriss et al. 2012 (177). Initial assessment for bone nodules was 

determined as ‘the visibility by eye under the microscope’. Not to get 

confused with calcium phosphate aggregation, only nodules with defined 

edges were accepted as bone nodules. After initial assessment, the bone 

nodules were confirmed through alizarin red staining, Raman 

spectroscopy, TEM imaging, nano-CT, height measurement, and RT-

qPCR for the expression of bone formation markers. Bone formation was 

observed on day 9 and the nodules were grown for a further 12 days, 

where the experiment was terminated on day 21. Hence, most bone 

characterisation methods were conducted on day 21 samples. The 

experimental summary for this chapter was summarized in Figure 47, 

where the specific time points for certain experiments were shown.  

 

Figure 47: The timeline for chapter 4 experiments in 3D bone stroma 
model.  

4.2.2.1 Height Measurement 

The Day 21 3D bone stroma was air-dried on a Petri dish for 24 hours. 

The height of individual bone nodules was measured on random spots 
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relative to the baseline measurement through Keyence VHX-7000 Digital 

Microscope (Keyence, Osaka, Japan).  

4.2.2.2 Raman Spectroscopy 

The day 21 3D bone stroma samples were air-dried on MgF2 discs for 24 

hours and analysed through Raman spectroscopy using 785 nm laser. A 

minimum of 3 nodules per sample was imaged and measured. Three 

background readings were completed from collagen only spots.  

There are different Raman spectroscopy parameters used to understand 

the bone composition. The defined mineral and collagen matrix bands 

are listed in Table 18. The Raman spectra for the calcium phosphate 

peaks are mainly regulated by the stretching mode (ν1) of the phosphate 

group around ~960 cm-1 (222). 

Mineral Collagen Matrix 
1. ν1 bending of P-O bond of 

Phosphate (PO43-)- 957-
962 cm-1  

2. ν2	bending of O-P-O of 
PO43-- 422-454 cm-1  

3. ν4	bending of PO43-- 586-
617 cm-1 

4. ν1	bending of carbonate 
(CO32-)-1065-1071 cm-1 

1. Proline- 851-855 cm-1 
2. Hydroxyproline- 870-873 

cm-1 
3. Amide III- 1243-1269 cm-1 
4. CH2 wag- 1447-1452 cm-1 
5. Amide I- 595-1720 cm-1 

Table 18: Raman Spectroscopy mineral and collagen matrix bands. The 
table was created from the data in (223). 

 
The details of each parameter were described in Table 19 in terms of 

which bone component it measures, how it is calculated and reference 

values. The reference values were obtained from the study by (180), 

where they investigated fracture healing in rat calvaria bone.  
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Parameter Bone Component Calculations 
(Ratio) 

Reference 
Value (14 
days after 

healing (180)) 
Mineral: 
Matrix 

Bone mechanical 
strength due to 
mineral content, 
bone 
mineralisation 

Area under the 
curve (AUC) of 
phosphate : amide 
peaks/CH2 
bending 
peak/proline peak 
-AUC ν1 of 
phosphate band : 
Amide III band  
- AUC ν1 of 
phosphate band : 
CH2 band 
 

~6 

Carbonate: 
Phosphate 

Substitution of 
carbonate group to 
phosphate group 
in bone mineral 
crystals 

AUC of carbonate 
~1070 cm-1 band 
to phosphate 
band ~960 cm-1 

~0.2 

Crystallinity Mineral crystal size Inverse of the full 
width at half 
maximum 
(FWHM) of ν1 of 
phosphate band 

~0.054 

Table 19: Raman spectroscopy guidelines for this thesis to assess bone 
components (180,224,225). 

4.2.3 Molecular Biology 

The bone formation markers were investigated through RT-qPCR. Each 

of the 2D osteoblast cultures was extracted by using TRI Reagent®, with 

a minimum of 3 repeats per condition. Two 3D osteoblast cultures were 

pooled, and the TRI Reagent® was applied in order to maximise quantity 

and quality of RNA extraction. Thereby, 3D cultures were consequently 

generated at a minimum of 6 repeats per condition for each set-up. For 

qPCR, each sample was run in triplicates. All values were normalised to 

GAPDH. RNA was extracted from 2D and 3D bone stroma model on day 

7 and day 8.  
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4.2.4 Histology of 3D Bone Cultures 

D21 3D bone stroma samples were fixed in 10% neutrally buffered 

formalin and histology of 3D cultures were conducted as described in 

chapter 2. The samples were cut into 5 μm thick sections and H&E 

stained. The images were captured via the Zeiss AxioObserver with 

Apotome.2 instrument and software (Zeiss, Oberkochen, Germany). 
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4.3 Results 

4.3.1 In vitro Bone Nodule Formation 

The baseline 2D data was the control for in vitro growth of the calvarial 

osteoblasts. The primary rat calvarial osteoblasts were seeded in 24-well 

plates with a seeding density of 5x104 cells/well, and three days after cell 

seeding, 1ml of α-MEM with BMA was applied per well. The 2D cultures 

were imaged on day 7, 14, and 21. The mineralisation process was 

observed by day 7, which was understood by the accumulation of black 

dots in the phase-contrast image. The bone nodules were detected at 

day 14 and 21, which was detected from their definite shape and their 

visibility by microscope (Figure 48A). The metabolic activity was 

assessed on day 1, 7, 14 and 21 through AlamarBlue® assay, and the 

same samples were used for the total DNA assay. The metabolic activity 

increased up to day 14, and a sharp decrease was observed by day 21 

(p<0.05). The total DNA quantity kept increasing over 21 days 

(p<0.0001). Thereby, the metabolic activity per cell was found to be 

highest at day 7 (p<0.0001) and kept decreasing (p<0.0001) (Figure 

48B).  
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Figure 48: In vitro bone nodule formation in 2D. 2D in vitro bone formation 
on day 7 (D7), 14, and 21, scale bar=100 µm (A). AlamarBlue® assay 
2D, Total DNA 2D, AlamarBlue®/Total DNA 2D. Metabolic activity values 
were all relative AlamarBlue® fluorescence units over 21 days (B). 
Kruskal-Wallis post hoc Dunn test. p-values *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. (n=3). 

 
Following isolation of the calvarial rat osteoblasts, they were seeded into 

different matrices described in the Methods section of this chapter to test 

their ability to deposit bone in the 3D matrix. There were no previous 

reports on whether the calvarial rat osteoblasts survive plastic 

compression. Therefore, this section aimed to assess the cell viability as 

described in chapter 2. The seeding density was 5x104 per/well of 24-

well plates, and cell/collagen mix was plastic compressed for 15 minutes. 

LIVE/DEADTM Viability/Cytotoxicity assay was conducted 48 hours after 

cell seeding. The osteoblasts were found to remain alive following plastic 
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compression (Figure 49A&B). Phalloidin staining indicated the complex 

network that osteoblast formed in 3D (Figure 49C&D).  

 

Figure 49: The cell viability of rat calvarial osteoblasts in 3D. Examination 
of the viability of the rat calvarial osteoblasts in 3D through LIVE/DEADTM 

Viability/Cytotoxicity Kit on day 2. Green=Live Cells, Red= Dead Cells. 
(A). 10x Scale bar=100 µm (A). Phalloidin & DAPI stain of the osteoblasts 
in 3D on day 7 (B&C), Red=Phalloidin, Blue=DAPI. Scale bar=100 µm 
(B). Scale bar=50 µm (C).  

 
The cultures were observed and imaged regularly over 21 days to assess 

bone nodule formation. 2D cultures were used as a positive control. In all 

soft matrix cultures, there were signs of mineralisation. However, no bone 

nodules were observed. Two out of six repeats of all soft matrix cultures 

could not be maintained up to 21 days due to the contraction of the gels. 

The phase-contrast images of all stiff matrix cultures presented nodule-

like structures, as seen in 2D (Figure 50). Thereby, the 3D stiff matrix 

cultures were deemed the optimal condition to facilitate bone nodule 

formation. The initial step was to determine which model was the most 

efficient environment for producing bone nodules in 3D by looking at 

different parameters. The metabolic activity of cells in 2D, 3D stiff matrix- 

embedded and 3D stiff matrix- on top were assessed through 

AlamarBlue®. Due to the variability in the relative AlamarBlue® 

fluorescence units, day 7, 14 and 21 readings were normalised to day 1 

readings. Unlike 2D, the osteoblast in all 3D cultures had an accelerating 
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metabolic activity pattern over 21 days (p<0.0001). On day 7, 2D cultures 

had higher metabolic activity than 3D stiff matrix- embedded (p<0.05) and 

3D stiff matrix- cells on top (p<0.001). On day 14, the cells within 3D stiff 

matrix- embedded, demonstrated a higher rate of increase in metabolic 

activity than 3D stiff matrix- on top (p<0.05) and 2D. This result was 

consistent at day 21, where 3D stiff matrix- embedded had the highest 

increase in metabolic activity (Figure 51A).  

The day that the bone nodule formation started was recorded for each 

culture. 3D stiff matrix- embedded presented bone nodules on day 9 

(mean±SEM, 9.25±0.25), earlier than 2D (13.25±0.96) (p<0.05). 3D stiff 

matrix- on top cultures also presented bone nodules earlier than 2D at 

day 9 (9.50±0.58) (p<0.05) (Figure 51B). 

The cultures were imaged on different days for measuring the nodule 

surface area and the bone nodule number count on the given focal plane. 

3D stiff matrix- embedded cultures had the biggest bone nodules 

throughout the culture period. 3D stiff matrix- embedded cultures had the 

highest number of bone nodules formed per 10 mm2 at all time points, 

where 2D cultures had the lowest. At day 21, 3D stiff matrix- embedded 

cultures presented more bone nodules than 3D stiff matrix- on top 

(p<0.05) (Figure 51C). The bone nodules within 3D stiff matrix- 

embedded cultures were 8 times bigger than 2D (p<0.001) and 4 times 

bigger than 3D stiff matrix- on top (p<0.01) bone nodules (Figure 51D) 

on day 21. 3D stiff matrix- embedded model formed bigger nodules and 

higher number of nodules than 3D stiff matrix- on top model. Thereby, 3D 

stiff matrix- embedded was chosen as the optimal condition for the rest 

of the chapter henceforth referred to as the ‘3D bone stroma model’. For 
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the active bone nodule forming model, osteoblast cluster formation and 

mineral deposition were required. In the 3D bone stroma model, all of 

these major signs of bone formation were observed (Figure 52A). The pH 

was recorded on day 7, 8 and 9 in both 2D and 3D bone cultures before 

bone nodule formation in 3D. The pH ranges were similar in 2D and 3D 

bone cultures and all recordings were in the range of 7.1 to 7.4 (Figure 

52B).  
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Figure 50: In vitro Bone Nodule Formation in different matrices. Scale bar 
= 100 µm (n=6). 
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Figure 51: Bone nodule formation in 2D, 3D stiff matrix- cell/collagen mix, 
and 3D stiff matrix-cells on top. AlamarBlue® 3D (A). Bone nodule 
formation start day (B). Bone nodule number. Metabolic activity values 
were all relative AlamarBlue® fluorescence units (C). Bone nodule 
surface area (D). One-Way ANOVA, Dunnet’s Post Hoc; p-values 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (n=4).  

 

Figure 52: In vitro bone nodule formation in 3D on day 9 (A). Left Image; 
Scale bar=500 µm. Right Image; Scale bar=100 µm. pH of 2D and 3D 
bone cultures on days 7, 8 and 9 (B). Unpaired t-test. p-values *p<0.05. 
(n=3). 
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To establish the best growth medium for osteoblasts for future co-

cultures with the 3D stroma model, different media compositions were 

assessed. AM-1 media KSFM was supplied with BMA and applied either 

half mixed with α-MEM with BMA or on its own. KSFM addition to BMA 

media led to complete inhibition of bone nodule formation and allowed 

organic matrix deposition. Thereby, for the rest of the thesis, α-MEM with 

BMA was kept for 3D bone stroma experiments (Figure 53).  

 

Figure 53: In vitro bone nodule formation in 3D bone stroma model in α-
MEM with BMA, 50% α-MEM+BMA/50% KSFM+BMA and KSFM+BMA. 
Phase contrast images captured on day 14. Scale bar=100 µm. 

4.3.2 Characterisation of Bone Nodules in 3D 

The next step was to verify the bone nodules detected in the 3D bone 

stroma model by phase-contrast images were native bone nodules. This 

section focused on the full characterisation of the 3D bone nodules in 

their biomolecular properties, morphology and molecular biology.  

The alizarin red stain was used to stain calcium, as described in chapter 

2. Day 14 2D cultures were used as a positive control (Figure 54A), 

whereas 3D soft matrix- embedded cultures (Figure 54B) were used as 

a negative control. In the day 14 of 3D bone cultures stained in red were 

the bone nodules (Figure 54C). The alizarin red staining of day 21 of the 

3D bone stroma model indicated that the calcium deposition occurred 



 153 

throughout the collagen matrix (Figure 54D). Higher magnification 

images proved well-defined edges of the bone nodules formed with the 

stiff collagen matrix. There were calcium dense areas stained within the 

nodule as dark red and less dense as stained lighter (Figure 54E,F,&G).   

 

Figure 54: Alizarin red stained 2D, 3D soft matrix- embedded and 3D 
bone stroma model. A, B, & C are from day 14 of 2D, 3D soft matrix- 
embedded and 3D bone stroma model, respectively. Scale bar=100 µm. 
Image D was a scan of alizarin red staining of the 3D bone stroma models 
in a 24-well plate, Scale bar=1 cm. Images E, F, & G are alizarin red 
staining of day 21 3D bone stroma model, Scale bar= 50 µm.  

 
The 3D bone stroma model was air-dried on MgF2 (Figure 55A), and 

Raman spectroscopy was used to measure biomolecular properties of 
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the bone nodules. Different spots were chosen for bone nodule 

measurements and background measurements (Figure 55B,C,D&E). 

The spectra were plotted from baseline-corrected bone nodule 

measurement (Figure 55F). The values for Raman spectra parameters 

were calculated as described in the Methods section, and the values 

were average of 4 spectra readings (Table 20). The values were in line 

with the reference values for calvarial rat bone (180).  
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Figure 55: Raman spectra of bone nodules in 3D bone stroma model. 3D 
bone stroma model on MgF2 on day 21 (A). Bone nodule readings on day 
21 (B,C,D). Example background reading n=9 (E). Scale bar= 200 µm. 
Raman spectra of bone nodules formed by calvarial rat osteoblasts in 3D 
bone stroma model on day 21 (F).  The spectra were baseline corrected 
to a background reading.  
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Table 20: Raman spectroscopy parameters. Values were Mean±SEM. 
(n=4). 

 
The 3D bone cultures were maintained up to 21 days, 12 days post initial 

bone formation (day 9). Day 21 samples were prepared for TEM, as 

described in chapter 2 for a detailed morphological analysis. The 

osteoblasts were surrounded by randomly spread collagen fibrils. The 

fibrils were identified from their well-known striation appearance, as seen 

in type-I collagen (COL-I) (211) (Figure 56A). The needle-like shaped 

mineral crystals were detected, which indicated HA formation (Figure 

56B). The collagen fibrils were dense around the mineralised nodules 

(Figure 56C). The bundles of collagen fibrils were loose but randomly 

aligned (226) (Figure 56D).  The active osteoblasts were determined from 

their rough endoplasmic reticulum rich cytoplasm. The matrix vesicles 

were visible as an indicator of organic matrix synthesis  (227) (Figure 

56E). There were cells with an elongated nucleus, which is common in 

osteocytes (227). The osteoblasts had mineral deposited mitochondria 

(Figure 56F) (211). The ECM was dense in the majority of the nodules 

with cell debris and other ECM components. The high density blocked 

TEM electrons to pass through, and that is the reason for capturing dark 

areas other than mineral crystals.  

Phosphate 
peak position 

Mineral to 
Matrix 

Carbonate to 
Phosphate 

Crystallinity 

960.20±0.09 7.23±0.01 0.113±0.001 0.0553±0.0001 
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Figure 56: TEM images of bone nodules formed in 3D bone stroma model 
on day 21. OB=Osteoblasts, COL=Collagen Fibrils, MN= Mineralised 
nodules, M=Mineral, MT=Mitochondria, ER= Endoplasmic Reticulum. 
Osteoblasts surrounded by Collagen, scale bar=2 µm (A). Mineralised 
nodules, scale bar=5 µm (B). Mineralised nodules surrounded by 
collagen, scale bar=2 µm (C). Collagen fibrils, scale bar=1 µm (D). 
Mineralised nodules, scale bar= 5 µm (E). Large bone nodule, scale 
bar=2 µm (F).  

 
To understand the structure of the bone nodules produced in our 3D 

model, day 21 samples were imaged using nano-CT as described in 

chapter 2. The bone nodules were cut randomly and subsequently placed 

back into a Kapton tube. The Kapton tube was scanned from top to 

bottom, and stacks of images were created (Supplementary video 1). The 

nodule pieces were found to have holes within, which indicated active 
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bone formation (Figure 57). Because the nodules were cut and then 

imaged with the Kapton tube around them the full height of the nodule 

could not be determined. The pore sizes were recorded from two bones, 

and the average pore diameter was 24.95±2.40 µm. 

To verify the formation of bone nodules in the 3D bone stroma model, it 

was necessary to measure the height of the nodules (z-axis) besides the 

surface area measurements from the given focal plane as described 

above. This is because the bone nodules are defined as 3D structures 

with a certain size (210,211). The average height of the bone nodules 

formed in day 21 3D bone stroma models was found to be 92.37±7.96 

µm, with a maximum height of 121.81 µm (Figure 58). The area covered 

by the bone nodules and mineralisation was ~30% of the 3D bone stroma 

model (Figure 58). 
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Figure 57: Screenshot of nanoCT scan video of bone nodules formed in 
3D bone stroma model. Scale bar=100 µm.  
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Figure 58: Measurement of height of bone nodules formed in 3D bone 
stroma model on day 21. Top panel- Measurement of height. Bottom 
panel- Area of coverage by bone nodules and mineralisation. Keyence 
VHX-7000 Digital Microscope (Keyence, Osaka, Japan). 

 
To further characterise the 3D bone stroma model, the cultures were H&E 

stained as described earlier. The formation of osteoblast clusters is 

required for bone deposition. H&E staining was used to observe the 

osteoblast clusters within the 3D bone stroma model. Osteoblast clusters 

were observed consistently in various sections of each sample (Figure 
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59A). Besides, day 21 3D bone stroma model cultures were stained for 

a late bone formation marker osteocalcin (228). The osteoblasts within 

the bone nodules were found to be rich in osteocalcin (Figure 59B&C).  

 

Figure 59: H&E and osteocalcin staining of 3D bone stroma model on 
day 21. H&E of 3D bone stroma model, scale bar=50 µm (A). Osteocalcin 
Immunofluorescence (IF) staining of 3D bone stroma model on day 21, 
scale bar= 100 µm (B&C).  

4.3.3 Characterisation of Bone Nodules in 3D- Molecular Biology 

To further characterise bone nodule formation in 3D bone stroma model, 

the expression of the osteoblast markers; ALPL (ALP), and SPP1 (OPN), 

the bone formation markers; ANKH (ANK), and ENPP1 (E-NPP1), 

osteocyte markers; E11, and DMP1 and the osteoblastic lineage marker 

BMP2 (BMP-2) (229) were investigated through RT-qPCR. These 

markers were found to be expressed in 2D and 3D, which supports the 

fact that our model was successful in producing bone nodules. 

Mineralisation gene, ALPL, was upregulated in 3D compared to 2D both 

at day 7 (p<0.05) and at day 8 (p<0.05) (Figure 60A). This finding was in 

parallel with the early detection of mineralisation in 3D. Other 

mineralisation markers, ENPP1 and ANKH were detected in 2D and 3D. 

The expression levels were found to be slightly higher in 3D for both 

genes. However, this finding was not statistically significant (Figure 

60B&C). SPP1 was higher in 2D than in 3D, which indicated less 

inhibition of HA formation in 3D at day 7 (p<0.05). SPP1 levels increased 
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at day 8 in 3D, which might be due to the accumulation of extracellular 

HA (Figure 60D). The osteocyte markers; E11 (p<0.05) (early marker 

(230)) and DMP1 were upregulated in 3D than in 2D, which suggests an 

increased differentiation of osteoblasts in the 3D bone stroma (Figure 60 

E&F). BMP2 levels remained high for both 2D and 3D, which suggests 

continuous differentiation of osteoblasts (Figure 60G).  

 
Figure 60: Expression of ALPL (ALP) (A), ENPP1 (E-NPP1) (B), ANKH 
(ANK) (C), SPP1 (OPN) (D), E11 (E), DMP1 (F), and BMP2 (BMP-2) (H) 
in osteoblasts in 2D and 3D. All values were normalized to GAPDH. n=3 
and 3 technical repeats. One-Way ANOVA, Dunnet’s Post Hoc; p-values 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.4 Discussion 

In this chapter, we established that a stiff 3D collagen scaffold is the ideal 

environment to stimulate bone nodule formation by calvarial rat 

osteoblasts. Multiple bone biomimetic features of this scaffold are likely 

to have caused this including the 3D environment, the stiffness of the 

scaffold and the presence of collagen I. This chapter provided extensive 

optimisation data assessing the most suitable model to produce bone 

nodules in 3D. We aimed to create an active bone forming stroma to 

study ameloblastoma in 3D by identifying the optimum conditions for 

bone nodule production.  

We expected that collagen I would be the perfect environment for 

osteoblasts to deposit bone. However, the soft collagen matrix was not 

ideal for this study because the soft matrix might not be enough to mimic 

the native stiffness or density of collagen found within bones. In addition, 

the soft matrix has high water content (231). In comparison, bone nodule 

formation was achieved in the plastic compressed, stiff cultures. The 

plastic compression technology utilises absorbers to remove the excess 

fluid from collagen hydrogels, resulting in stiff, dense collagen scaffolds. 

Our data showed that osteoblasts prefer a denser matrix with less water 

content to deposit bone. This is in line with the normal bone, which has a 

matrix composed of dense collagen layers with an HA-based mineral 

deposition (232). The osteoblasts need to aggregate to form bone, and 

the initial bone formation begins with clusters of 5-35 osteoblasts (210). 

In hydrogels, it might have taken longer for osteoblasts to find one 

another and form clusters due to greater space availability. Previously, it 

was also reported that plastic compression upregulates genes involved 
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in the differentiation of osteoblasts, such as RUNX2 (233,234). This could 

be the case in our model, and it is crucial to compare genes involved in 

osteoblast differentiation among different matrices.  

This work suggested that 3D plastic compression enables a cell 

proliferation rate, earlier bone nodule formation with bigger and more 

bone nodules formed over time, compared to conventional 2D. We 

identified that 3D bone stroma was the best model to produce bone in 3D 

over 21 days due to the consistent deposition of the biggest and greatest 

number of bone nodules. It has been previously found that bone nodule 

formation in vitro occurs when the pH is above 7 (203). Our 3D bone 

stroma model has a pH range 7.1-7.4, and this shows that this model has 

the optimal conditions for in vitro bone nodule formation. However, all of 

these findings were based on the visibility of the bone nodules by eye 

and in order to verify the bone nodule production within the 3D bone 

stroma model, further characterisation methods were required.  

There have been few studies related to in vitro bone formation in 3D with 

limited characterisation methods. The study by Alves et al. 2017 showed 

an increase in cell viability in 3D scaffolds compared to 2D (214) and a 

different study observed an increase in the number of bone nodules in 

3D than 2D (215). These findings were in parallel with our results. This 

shows that providing a 3D collagen structure enhances osteoblast ability 

to deposit bone. The same study presented characterisation of the bone 

nodules with mineralisation assessments via ALP assay and alizarin red 

staining without any 3D structural and compositional analysis. The 

alizarin red and von Kossa stain, which target calcium phosphates, are 

not enough to define the bone nodules. These stains can bind to dead 
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cells by means of dystrophic calcification. Therefore, mineral deposition 

within the dense collagen matrix must be present for full bone definition 

(232).  

One of the strongest parts of our work was combining different methods 

to fully characterise the bone nodules. We managed to get detailed 

information on the bone formation process during bone characterisation. 

It is worth mentioning that this chapter’s characterisation methods were 

optimised for our novel model. Therefore, in this section we provide novel 

information on in vitro 3D bone nodule formation and a detailed unique 

methodology for 3D studies.  

The compositional analysis via Raman spectroscopy allowed us to verify 

of distinct mineral and matrix components, which are essential for 

maintaining bone mechanical strength (180). A previous study detected 

mineral peaks at days 15 and 22 within the bone-like nodules, and we 

also proved the mineralisation at day 21 of our 3D bone stroma model. 

From the mineral peaks of our spectra and TEM images, two main 

mineral phases were confirmed; 1) intracellular and extracellular 

deposition of amorphous calcium phosphate, 2) carbonated HA crystals 

surrounded by collagen fibrils (235,236). A typical bone mineral formation 

was confirmed with TEM images by detecting mitochondrial granules with 

mineral deposits, matrix vesicles and extracellular mineral deposition.  

The in vitro production of the trabecular bone was challenging and the 

previous studies characterised the trabecular structure through alizarin 

red staining and von Kossa staining without any structural 

characterisation (207,232). Here, we reported the rapid formation of 

woven bone in vitro based on the nano-CT analysis. The holes within the 
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nodules were crucial for maintaining the biomimicry of the model due to 

the availability of a large surface to volume ratio. It will be essential to 

assess whether the nodules and calcium phosphate-rich matrix would act 

as chemo or physio attractant in co-cultures. The pores formed within our 

bone nodules proved that the nodules are mineralised ECM and a normal 

bone-like structure. Osteocalcin staining indicated that osteoblasts 

reached the late bone formation stages (228).  

The majority of the previous studies were missing 3D size measurements 

of the bone nodules. We are the first to report the height of the bone 

nodules developed in 3D. Our samples were air-dried, and thus, they lost 

their total volume, but the nodule heights were still either close to or more 

than the known upper limit (210,211).  

The gene work confirmed the expression of osteoblast, osteoblast 

differentiation, osteocyte and bone formation markers. Besides showing 

the expression of all the markers investigated, we also presented a 

comparative data set between 2D and 3D. A previous study by Blair et 

al. 2017 investigated the expression of osteoblasts markers, including 

ALPL, SPP1, osteocalcin (OC), collagen I (COL I), and RUNX2 (232). 

Upregulation in ALPL and downregulation of SPP1 expression were 

observed in 3D scaffolds compared to 2D, where our data reports the 

same for 3D bone stroma model vs 2D. Higher ALPL expression was an 

important indicator of the early detection of mineralisation and bone 

nodule formation in the 3D bone stroma model than 2D. A different study 

showed an increase in the number of bone nodules in their 3D model. 

They identified an increase in ALPL gene expression levels and SPP1 

(215), where our data showed a decrease in SPP1. Although SPP1 
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mRNA expression by preosteoblastic cells is seen in early bone 

formation (237), SPP1 is responsible for inhibiting HA deposition outside 

the cell (221). Therefore, the reduction in SPP1 expression could be 

associated with earlier and more extensive bone nodule deposition in our 

model. The molecular work enabled us to understand the sequence of 

expression of genes before/during bone formation.  

This chapter introduced an active bone nodule forming model to be 

utilised in ameloblastoma research. As an important limitation, rat bone 

remodelling does not fully represent human bone remodelling in terms of 

its stages, days and genes involved in the processes. However, rat bone 

tissue has compositional similarities to human bone tissue, and rat 

models have been used to study several bone-associated diseases. The 

similarities observed between rat and human hip fractures indicated 

clinical relevance among them (234). Therefore, we aim to mimic the 

ameloblastoma tumour microenvironment using our 3D bone stroma 

model. The unique methodology for 3D bone nodule formation and 

characterisation will guide future research in the bone field and our future 

works for recreating this model with primary human MSCs. The 3D bone 

stroma model will be applicable for other bone-associated tumours and 

diseases.  
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Chapter Five: Inhibition of Bone Nodule 

Formation by Ameloblastoma 

5.1 Introduction 

This chapter focused on utilising the active bone-forming 3D model that 

we developed earlier to study ameloblastoma action on bone 

remodelling. This has been the first attempt by researchers to introduce 

a dynamic bone nodule forming model to a 3D ameloblastoma model. 

Our initial aim was to investigate ameloblastoma-induced bone 

resorption; however, our research question was expanded to include the 

effect of ameloblastoma on bone formation by osteoblasts and the 

consequential impact on the equilibrium of bone remodelling.   

Bone remodelling is based on simultaneous actions of bone formation 

and bone resorption. Bone resorption is not only regulated by the 

osteoclasts. The osteoblasts are also involved as they release RANKL to 

initiate osteoclast differentiation and activation (238). Therefore, studying 

the bone formation side of the equilibrium is as essential as looking bone 

resorption. The 3D bone stroma model provides an excellent platform to 

get the complete picture of ameloblastoma action on bone homeostasis.  

The majority of the previous ameloblastoma studies highlighted 

ameloblastoma-induced bone resorption, as described in chapter 1. Only 

a few studies indicated the effects of ameloblastoma on bone formation. 

Sathi et al. 2008 highlighted the indirect impact of ameloblastoma on 

bone formation through its stroma (90). The expression of the members 

of Wnt signalling pathway and TGF-b superfamily, which are involved in 
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bone homeostasis, were identified to be altered in the ameloblastoma 

stroma compared to the normal stroma. The Wnt/b-catenin signalling 

pathways control mesenchymal progenitors and osteoblast 

differentiation. The secreted frizzled-related proteins (sFRPs), which are 

negative regulators of Wnt signalling were higher and TGF-b superfamily 

member, BMP-2 was lower in ameloblastoma stroma compared to 

normal stroma. This pattern was linked to reducing osteoblast 

differentiation and bone formation (90).  

There were not many in vitro studies investigating ameloblastoma action 

on bone formation. Sathi et al. 2009 co-cultured AM-1 cells and a mouse 

preosteoblastic cell line KUSA/A1 and assessed cell proliferation and 

mineralisation of KUSA/A1 cells (141). The mineralisation indicator, ALP 

activity of KUSA/A1 cells was lower when they were cultured in AM-1 

conditioned media than normal media. Reduced mineralisation was 

confirmed by using alizarin red staining, and this reduction was found to 

be sFRP-2- associated.  

It is well-known that breast cancer bone metastases interfere with the 

bone remodelling process by triggering bone resorption by osteoclasts 

and inhibiting bone formation by osteoblasts. Current treatments to 

improve life quality target bone resorption. However, for healthy bone 

production, the osteoblast function should also be repaired (239). Breast 

cancer cells increase the production of PTHrP, IL-11, IL-8, RANKL, GM-

CSF to activate osteoclasts (240).  PTHrP cannot activate osteoclasts 

itself. However it can induce stromal cells and osteoblasts to release 

more RANKL. Therefore, it is highly associated with breast cancer-

induced osteolytic lesions (241). Previous reports showed the Inhibition 
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in breast cancer-derived bone metastases upon increased expression of 

Wnt/b-catenin antagonist Dickkopf1 (Dkk1) (242). During bone formation, 

mineralisation and ECM deposition begins with osteoblast differentiation. 

If ameloblastoma cells also decrease mineralisation, likely, osteoblast 

differentiation is also affected by this.  

However, there was no information on whether AM cells impact bone 

nodule formation in vitro. If yes, which stages of the bone nodule 

formation are affected the most other than early stages such as 

mineralisation. There were no other studies that assessed bone nodule 

development after introducing AM cells or any other tumour cells. The 

AM cells were expected to decrease mineralisation and bone nodule 

formation. They likely release factors to trigger bone resorption.  
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5.2 Materials and Methods 

5.2.1 Fabrication of Tumour Mass and Complex Tumouroid 

The tumour masses were fabricated as described in chapter 2. Each 

tumour mass was composed of either 50 000 AM-1, AM-3, GFP-AM-3 or 

MG-63 cells. Different models were created and described in the results 

section for each experimental set-up. Initially, complex tumuoroids were 

made as described in chapter 2, where the stroma was consists of 50 

000 calvarial rat osteoblasts. The complex tumouroids were observed up 

to day 21.  

5.2.2 Introduction of Tumour Masses on 3D Bone Stroma Model 

To assess the effects of AM cells on different stages of bone nodule 

formation, the tumours consisting of either AM-1 and AM-3 cells were 

added on top of the 3D bone stroma model at either day 3 (D3), D6, D9, 

D12, D15 or D18. 3D bone stroma model cultures were prepared, as 

described in chapter 4. At each time point, fresh tumour masses were 

prepared. The tumour mass preparation was kept consistent throughout 

this thesis. Straight after plastic compression of tumour masses, ~900 µl 

of media was removed from each well of the ongoing 3D bone cultures.  

The tumour mass was removed from the 96-well plate using a tweezer 

and placed on top of the 3D bone stroma model right into the middle, as 

shown in (Figure 61). The tumour mass was flattened very gently. Extra 

care was taken for cultures where there were existing bone nodules. The 

cultures were incubated for 10 minutes at 37oC until the tumour mass 
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was attached to the 3D bone stroma model. 1 ml fresh media was added, 

and the cultures were kept until day 21 of the 3D bone stroma model.  

 

Figure 61: Introduction of tumour mass on the 3D bone stroma model. 
Top Panel= Introduction of tumour masses on 3D bone stroma model at 
early days of bone nodule formation. Bottom Panel= Introduction of 
tumour masses on the 3D bone stroma model at later days where there 
were existing bone nodules.  

5.2.3 Molecular Biology 

The tumour masses were introduced on day 6 of the 3D bone stroma. 

RNA was extracted on day 7, 8, and 9. For gene work specific to 

osteoblasts, the conditions were: 1) 3D bone stroma, 2) 3D bone stroma 

with AM-1 tumour mass introduced at day 6 (3D bone + AM-1), and 3) 

3D bone stroma with AM-3 tumour mass introduced on day 6 (3D bone 

+ AM-3). For each condition, 27 cultures were made to sustain 9 repeats 

per time point rule set for this thesis. The first step was to peel the tumour 

mass off from the 3D bone stroma by using a tweezer and put them in to 

separate tubes. Two 3D bone stroma cultures were pooled for RNA 

extraction as described in chapter 4. Three tumour masses were pooled 
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for RNA extraction to look at ameloblastoma genes. 2D ameloblastoma 

and 3D ameloblastoma cultures were used as controls for 

ameloblastoma gene work. For qPCR, each sample was run in triplicates. 

All osteoblast values were normalised to GAPDH, and all ameloblastoma 

values to HPRT1.  

5.2.4 RT2 Profiler PCR Array 

The tumour masses were introduced on day 6 of 3D bone culture. RNA 

was extracted on day 8. RT2 Profiler PCR Array (Qiagen) was conducted 

upon the manufacturer’s protocol, as described in chapter 2. Three 

conditions were 3D bone, 3D bone + AM-1, and 3D bone + AM-3, defined 

as ‘Control’, ‘Test Group 1’ and ‘Test Group 2’, respectively, for data 

analysis. GeneMANIA from ‘www.genemania.org’ was used to predict 

the gene network and function data (243). 

5.2.5 Growth Media Treatment  

Three different growth media were prepared from 4 different osteoblast 

differentiation factors specific to rat cells; FGF-2, TGF-β, IGF-2, and 

VEGF (192).  Different combinations from these factors were created, 

and each combination had the base of α-mem + BMA. The 

concentrations were determined as IGF-2 (20 ng/ml), TGF-β (10 ng/ml), 

FGF-2 (10 ng/ml), and VEGF (10 ng/ml) based on a previous study by Al 

Hosni et al. 2020 (192). All factors were provided from Peprotech. After 

AM-1 tumour mass introduction to 3D bone stroma at day 6, the cultures 

were treated with 3 different growth media: 1) IGF-1 + TGF-β + FGF-2, 

2) IGF-1 + FGF-2 + VEGF, 3) IGF-1 + TGF-β + FGF-1 + VEGF. RNA 



 174 

extraction was completed 48 hours after the media treatment, followed 

by RT-qPCR for ALPL and RANKL.   

5.2.6 ELISA 

Media was collected from 3D AM-1 tumour mass, 3D AM-3 tumour mass, 

3D bone stroma + 3D AM-1 tumour mass and 3D bone stroma + 3D AM-

3 tumour mass at days 3 and 7. Human MMP-9 Quantikine ELISA Kit 

(DMP900, R&D Systems, Abingdon, UK), and BMP-2 Quantikine ELISA 

Kit (DBP 200, R&D Systems, Abingdon, UK) were used upon the 

manufacturer’s protocols.  
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5.3 Results 

5.3.1 Growing AM Cell Lines in 3D Bone Media 

As previously discussed in chapter 4, bone nodule deposition and 

formation by osteoblasts were inhibited when cultured in AM-1 medium 

(KSFM). Complex tumouroids rely on the engineering of the tumour and 

the surrounding stroma, and thus in this chapter, we optimised the growth 

media for this co-culture. The osteoblasts were grown in either 50% AM-

1 medium (KSFM)/50% α-MEM with BMA or 50% AM-3 medium 

(DKSFM)/50% α-MEM with BMA for 21 days. The mineralisation was 

assessed through alizarin red staining. No bone nodule formation was 

detected in both phase contrast images and alizarin red images. Alizarin 

red staining images indicated few mineralised areas, and this was due to 

BMA supplements (Supplementary image 2). 

3D bone stroma media was kept the same as in chapter 4 for this section. 

Therefore, it was necessary to assess whether the AM cell lines could 

proliferate and invade when they were given 3D bone stroma media. The 

AM-1 tumouroids with acellular stroma were grown in either 100% AM-1 

(100% KSFM+BMA), 50% AM-1/50% bone (50% KSFM/50% α-

MEM+BMA), or 100% bone (100% α-MEM+BMA) for 14 days. The 

metabolic activity was measured on day 1, 7 and 14. Changing the media 

type and the components did not result in any significant changes in 

metabolic activity on day 1 and 7. There was a slight decrease in 100% 

bone media compared to 100% AM-1 media (p-value<0.005) (Figure 

62A). The DNA quantity of the AM-1 cells within the tumour mass was 

measured on day 1, 3, 5, 7 and 10 through QUBIT 3.0. As the cells had 
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limited ability to proliferate after day 10, QUBIT 3.0 was not conducted 

for days after day 10. The DNA quantities among all media types were 

similar on days 1, 3 and 7. On day 10, the 100% bone media did not 

seem to induce a major change in DNA quantity compared to 100% AM-

1 media (p-value<0.05) (Figure 62A). The invasion pattern of AM-1 cells 

was not altered by changing the media type (Figure 62B).  

The AM-3 complex tumouroids with acellular stroma were grown in either 

100% AM-3 (100% DKSFM+BMA), 50% AM-3 / 50%bone (50% DKSFM 

/ 50% α-MEM+BMA), or 100% bone (100% α-MEM+BMA) for 14 days. 

Different media types did not cause a decreasing trend in the metabolic 

activity and the DNA quantity of the AM cells. 100% bone media caused 

a small decrease in metabolic activity at day 14 (p-value<0.05) (Figure 

62C) and in DNA quantity at day 10 (p-value<0.05) (Figure 62C). AM-3 

cells formed spheroid bodies in 100% bone media as seen in AM-3 

complex tumouroids (Figure 62D).  

This result highlighted that it was possible to grow AM-1 and AM-3 cells 

in 3D bone media without causing major changes in their metabolic 

activity, DNA quantity, and invasion capability.   
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Figure 62: The growth and invasion of AM  cells in 3D bone media over 
21 days. The growth and invasion of AM-1 cells in 100% AM-1 and 100% 
3D bone media (A&B). The growth and invasion of AM-3 cells in 100% 
AM-3 and 100% 3D bone media (C&D).  One-Way ANOVA Dunnet’s Post 
Hoc; all data sets. QUBIT D1. p-values *p<0.05, **p<0.01. Scale bar=100 
µm. AM-1 media= KSFM, AM-3 media= DKSFM, bone media= α-
MEM+BMA. 
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5.3.2 AM Complex Tumouroids with 3D Bone Stroma 

The next step was to generate AM complex tumouroids with a 3D bone 

stromal compartment. The tumour masses containing either AM-1 or AM-

3 were embedded into a stroma composed of calvarial rat osteoblasts as 

described in the Methods section of this chapter. These models were 

defined as either ‘AM-1 complex tumouroids with 3D bone stroma’ or 

‘AM-3 complex tumouroid with 3D bone stroma’. Once an ameloblastoma 

tumour mass was embedded into any osteoblast-seeded stroma, all bone 

formation is inhibited (n=18). This result was confirmed through alizarin 

red staining, indicating weak mineral deposition relative to 2D and 3D 

bone controls (Figure 63). This finding showed that both AM cell lines 

inhibit bone nodule formation in 3D bone stroma model.  

 

Figure 63: The effect of AM tumouroids on bone formation in 3D over 21 
days. Phase contrast and alizarin red staining images of 2D bone, 3D 
bone, AM-1 Tumouroid (AM-1 complex tumouroid with 3D bone stroma), 
and AM-3 Tumouroid (AM-3 complex tumouroid with 3D bone stroma) on 
day 21 (D21). Scale bar=100 µm. 
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5.3.3 Introducing AM Tumour Mass to 3D Bone Stroma Model 

Inhibits or Restricts Bone Nodule Formation 

AM cells interfered with the osteoblast-driven bone nodule formation 

process. To determine the bone nodule formation stage where the AM 

cells specifically interfere in the process, AM ACMs were introduced to 

an active bone-forming stroma at various time points (maximum: 21 

days). In chapter 4, bone nodule formation in the 3D bone stroma model 

was determined as day 9. Thereby, the time points chosen for this 

experiment were day 3, 6, 9, 12, 15 and 18. Due to the complicated 

nature of this experimental set-up, each timepoint was described through 

a schematic diagram followed by the set-up results.  

The control 3D bone stroma cultures were kept for 21 days and imaged 

simultaneously. For the D3 (day 3) timepoint, freshly prepared tumour 

masses were cast on top of the 3D bone stroma model as described in 

the Methods section of this chapter. This approach allowed for 

chemotactic gradients to form (175). These cultures were also observed 

regularly for 21 days (Figure 64A). Both AM-1 and AM-3 tumour masses 

completely inhibited bone nodule formation and visibly diminished 

mineral deposition compared to the 3D bone (Figure 64B).  
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Figure 64: Introduction of AM-1 tumour mass and AM-3 tumour mass at 
day 3 of 3D bone stroma model inhibits bone nodule formation. 
Schematic diagram representing introduction of AM-1 tumour mass and 
AM-3 tumour mass on day 3 (D3) of 3D bone stroma model (A). Phase 
contrast images of 3D bone, D3 3D bone + AM-1 tumour mass, D3 3D 
bone + AM-3 tumour mass on days 7, 9 and 21 (B).  Scale bar=100 µm.  

Introduction of tumour masses on day 6 of the 3D bone stroma inhibited 

bone nodule formation (Figure 65A), but mineral deposition continued up 

until day 21 for both AM-1 and AM-3 cultures (Figure 65B) compared to 

the ones introduced at day 3 (Figure 64B). AM-3 tumour masses seemed 

to be associated with denser mineralisation compared to AM-1 tumour 

masses on the 3D bone stroma model (Figure 65B). In summary, 
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introducing AM tumour masses on top of the 3D bone stroma model at 

both day 3 and 6 blocked full bone nodule formation.  

 

Figure 65: Introduction of AM-1 tumour mass and AM-3 tumour mass on 
day 6 of 3D bone stroma model inhibits bone nodule formation. 
Schematic diagram representing introduction of AM-1 tumour mass and 
AM-3 tumour mass on day 6 (D6) of 3D bone stroma model (A). Phase 
contrast images of 3D bone, D6 3D bone + AM-1 tumour mass, D6 3D 
bone + AM-3 tumour mass on days 7, 9 and 21 (B). Scale bar=100 µm. 

 
From day 9, bone nodules appear in the 3D bone stroma model. Thereby, 

AM tumour masses were added to study the impact this had on the 

existing bone nodules and the formation of new bone nodules. The bone 

nodule numbers and the sizes of the bone nodules from their surface 

area of the given focal plane were calculated for each time point.  
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The tumour masses introduced on day 9 were imaged on day 9, 12, 15, 

18, and 21 (Figure 66A). The tumour masses caused a significant 

reduction in new bone nodule formation compared to controls. The 

existing bone nodules seemed unaffected by tumour mass introduction 

(Figure 66B). AM tumour mass’s effect on new bone nodule formation 

became visible from day 11 onwards. Three days after the introduction 

of AM tumour mass, there was a significant reduction in the bone nodule 

numbers (p-value<0.0001) and the sizes of the bone nodules (p-

value<0.0001). On day 21, the 3D bone stroma model had 15 bone 

nodules per 10 mm2, where the number of bone nodules was significantly 

lower in AM tumour mass introduced 3D bone stroma: 4 (AM-1) and 2 

(AM-3) (p<0.0001) (Figure 66C). The size of the bone nodules formed in 

AM-1 tumour mass introduced cultures was 3 times less than the ones in 

3D bone (p-value<0.0001). The AM-3 tumour mass introduced cultures 

had bone nodules 5 times smaller than of 3D bone stroma model (p-

value<0.0001) (Figure 66C). This highlights that the introduction of the 

AM tumour masses on day 9 strongly decreases new bone nodule 

formation and directly affects the growth in the size of the existing bone 

nodules.  
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Figure 66: Introduction of AM-1 tumour mass and AM-3 tumour mass at 
day 9 of 3D bone stroma model restricts bone nodule formation. 
Schematic diagram representing introduction of AM-1 tumour mass and 
AM-3 tumour mass on day 9 (D9) of 3D bone stroma model (A). Phase 
contrast images of 3D bone, D9 3D bone + AM-1 tumour mass, D9 3D 
bone + AM-3 tumour mass on days 9, 12, 15, 18 and 21 (B). Scale 
bar=100 µm (n=3). Bone nodule number & Bone nodule surface area (C). 
One-Way ANOVA, Dunnet’s Post Hoc; p-values *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. (n=3). 

 
The next time point was day 12. The AM tumour masses were introduced 

at day 12 and imaged at days 15, 18 and 21 (Figure 67A). By day 12, 

there was already a high number of nodules (~12 per 10 mm2) and large 

bone nodules (80476±10865 µm2). The introduction of AM tumour 
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masses restricted the number of new bone nodules formed and the 

growth of the existing bone nodules (Figure 67B). On day 21, the number 

of bone nodules formed in AM-1 tumour mass introduced cultures were 

3-fold lower (p<0.001) and AM-3 tumour mass introduced cultures were 

2-fold lower (p<0.01) than 3D bone stroma (Figure 67C). The bone 

nodule sizes in the AM tumour mass introduced cultures were slightly 

less than those in 3D bone. Although the AM introduction limited the 

number of bone nodules formed, the existing bone nodules’ sizes 

seemed to keep increasing (Figure 67C).   
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Figure 67: Introduction of AM-1 tumour mass and AM-3 tumour mass at 
day 12 of 3D bone stroma model restricts bone nodule formation. 
Schematic diagram representing introduction of AM-1 tumour mass and 
AM-3 tumour mass on day 12 (D12) of 3D bone stroma model (A). Phase 
contrast images of 3D bone, D12 3D bone + AM-1 tumour mass, D12 3D 
bone + AM-3 tumour mass pn days 12, 15, 18 and 21 (B). Scale bar=100. 
Bone nodule number & bone nodule surface area (C). One-Way ANOVA, 
Dunnet’s Post Hoc; p-values *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 

 
Adding AM tumour masses at day 15 (Figure 68A) induced a significant 

decrease in the bone nodule numbers on days 18 and 21 (Figure 68B). 

The numbers of bone nodules formed in AM-1 and AM-3 tumour mass 

introduced cultures was half of the number of nodules formed in the 3D 

bone stroma model (p<0.05 and p<0.05, respectively) (Figure 68C). The 
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bone nodules’ surface areas formed in the cultures with AM tumour mass 

seemed to be slightly lower (Figure 68C). 

 

Figure 68: Introduction of AM-1 tumour mass and AM-3 tumour mass at 
day 15 of 3D bone stroma model cause slight decrease in bone nodule 
formation. Schematic diagram representing introduction of AM-1 tumour 
mass and AM-3 tumour mass on day 15 (D15) of 3D bone stroma model 
(A). Phase contrast images of 3D bone, D15 3D bone + AM-1 tumour 
mass, D15 3D bone + AM-3 tumour mass on days 15, 18 and 21 (B). 
Scale bar=100 µm. Bone nodule number & bone nodule surface area (C). 
(n=3). One-Way ANOVA, Dunnet’s Post Hoc; p-values *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 

The AM tumour masses introduced on day 18 (Figure 69A) did not cause 

any noticeable changes (Figure 69B). The number of bone nodules in the 
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AM tumour mass added cultures was lower than 3D bone cultures. 

However, the difference was not significant (Figure 69C). This was 

because, after day 15, the bone nodule size reached a growth plateau 

phase (Figure 69C).  

 

Figure 69: Introduction of AM-1 tumour mass and AM-3 tumour mass on 
day 18 of 3D bone stroma model. Schematic diagram representing 
introduction of AM-1 tumour mass and AM-3 tumour mass on day 18 
(D18) of 3D bone stroma model (A). Phase contrast images of 3D bone, 
D18 3D bone + AM-1 tumour mass, D18 3D bone + AM-3 tumour mass 
on days 18 and 21 (B). Scale bar=100 µm. Bone nodule number & bone 
nodule surface area (C). One-Way ANOVA, Dunnet’s Post Hoc; p-values 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 
To summarise this section, the introduction of the AM tumour masses 

before the first day of bone nodule formation (day 9) completely inhibits 

bone nodule formation and restricts mineralisation. Whereas, after day 9, 

the AM tumour masses limit new bone nodule formation and impact the 

growth of existing nodules compared to the control group. The difference 
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between the nodules in the AM tumour mass added cultures and the 

control cultures became less significant towards the later time points.  

5.3.4 Confirmation of Direct Inhibition of Bone Formation by AM 

Cells 

The next step was to confirm that bone formation inhibition was direct 

effect of AM cell lines and not from other factors such as tumour mass 

introduction method that we used, the pH and the lack of nutrients and 

BMA in the media.  

AM tumour masses were introduced on day 6 of the 3D bone stroma 

model because it was the easiest time point to observe the differences 

and changes in the initial bone formation stages. The steps of initial bone 

nodule formation were presented in the 3D bone column of Figure 70. 

The bone nodule formation stages between days 6 to 9 was observed in 

chapter 4. As reported above, the AM tumour masses caused complete 

inhibition of bone nodule formation. However, mineralisation and full 

bone nodule formation were observed when the acellular tumour masses 

were introduced on the day 6 (D6) bone (Figure 70A). The ALPL 

expression verified that where the acellular tumour mass did not 

downregulate mineralisation gene ALPL as much as AM-1 cells (p<0.01) 

and AM-3 cells (p<0.001) at day 7. This result was consistent at day 8 

(p<0.0001) (Figure 70B) and proved that the inhibition of bone nodule 

formation by AM tumour mass were not associated with the method we 

used. The decrease in ALPL by the AM cells will be discussed in the 

following sections. Next, we investigated whether the inhibition of bone 

nodule formation by osteoblasts was ameloblastoma specific or whether 
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the presence of other tumour cells would result in the same inhibitory 

effect. Introducing MG-63 tumour mass to D6 3D bone stopped bone 

nodule formation but allowed the formation of osteoblast clusters and 

mineralisation. MG-63 cells did not downregulate ALPL as much as AM-

1 cells (p<0.05) and AM-3 cells (p<0.005) did (Figure 70B). The pH was 

recorded at days 7, 8 and 9 in 3D bone, D6 3D bone + AM-1 tumour 

mass, and D6 3D bone + AM-3. On all days, the pH ranges were found 

to be within the reference range for bone nodule formation (203) (Figure 

70C). On day 9, D6 3D bone + AM-1 tumour mass had the lowest pH 

compared to 3D bone (p<0.0001), which was still within the reference 

range that was supposed to be suitable for bone nodule formation. 

Thereby, pH was not found to be the reason for inhibition of bone nodule 

formation by the AM tumour mass.  
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Figure 70: Control experiments for inhibition of bone formation. Phase 
contrast images of 3D bone, day 6 (D6) 3D bone + AM-1 tumour mass, 
D6 3D bone + AM-3 tumour mass, D6 3D bone + acellular tumour mass, 
and D6 3D bone + MG-63 tumour mass (A). 3D bone images, Scale 
bar=500 µm. Scale bar=100 µm. ALPL expression on days 7 and 8. All 
values were normalized to GAPDH. n=3 and 3 technical repeats.  (B). pH 
measurement of 3D bone, D6 3D bone + AM-1 tumour mass, D6 3D bone 
+ AM-3 tumour mass on days 7, 8 and 9 (C). One-Way ANOVA, Dunnet’s 
Post Hoc. p-values *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (n=3). 

 
To understand whether the inhibition of bone nodule formation was due 

to consumption of BMA and other nutrients by the AM cells, the culture 

medium was increased from 1 ml to 2 ml with an appropriate BMA ratio. 

However, this was not enough to deposit bone (Supplementary image 

3A).  
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The next step was culturing 2D bone and 3D bone stroma models in AM 

conditioned media (CM). Both AM-1 and AM-3 tumour masses were 

cultured with α-mem + BMA for 24 hours. Then, the culture media were 

applied to 2D and 3D bone cultures on day 7, two days before bone 

nodule formation in the 3D bone stroma model. After 24 hours, the culture 

medium was replaced with fresh α-mem + BMA for another 24 hours. The 

cultures were imaged on day 9 and no bone nodule formation was 

observed in 3D bone cultures. The mineral deposits were reduced in both 

2D and 3D bone cultures (Supplementary image 3B).  

5.3.5 AM Cells Inhibit Mineralisation Genes in 3D Bone Stroma 

Model 

This chapter showed that mineral and hydroxyapatite formation started 

on day 6 and led to bone nodule formation by day 9. Section 5.3.3 

highlighted that the differences in the bone nodule numbers and the sizes 

became less distinct after the bone nodules formed. That’s why day 6 

was also chosen for gene analysis of the osteoblasts. Even at day 6, 3 

days before bone formation start day (day 9), AM cells completely 

inhibited bone nodule formation that’s why It was important to understand 

what genes were affected after introduction of AM tumour masses. The 

changes in the expression of bone formation genes were investigated 

through RT-qPCR on days 7, 8 and 9. In the AM tumour mass introduced 

3D bone stroma models, the tumour mass part and 3D bone part were 

separated as described in this chapter’s methods section. The 3D bone 

parts were used for gene analysis (Figure 71). By keeping the tumour 

masses for a short period of time on top of the 3D bone stroma model, 
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the migration of AM cells towards the 3D bone was minimised. This was 

interpreted from our preliminary work for AM cell invasion in 3D in chapter 

3. This was confirmed by introducing GFP-AM-3 tumour masses to 3D 

bone stroma and imaging 3 days later. All GFP-AM-3 cells remained 

within the tumour mass (Figure 72).  

 

Figure 71:  Schematic diagram representing RNA extraction from day 6 
(D6) 3D bone + AM tumour mass set-up on days 7, 8 and 9. The 3D bone 
parts were separated from the tumour mass part and 3D bone parts were 
used for gene analysis and compared to 3D bone.  

 
Figure 72: Introduction of GFP-AM-3 tumour mass to day 6 (D6) 3D bone 
stroma. Three days after introduction of GFP-AM-3 cells day 6 (D6) bone 
stroma. Green=GFP, Red=Human RANK, Blue=DAPI. Scale bar=100 
µm (n=3).  
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The expression of osteoblast markers ALPL and SPP1 were investigated 

in 3D bone cultures and AM introduced 3D bone cultures. The 

mineralisation gene, ALPL, was reduced in both AM-1 and AM-3 

introduced 3D bone cultures. In particular, on days 7 and 8, the ALPL 

expression was downregulated in AM-1 introduced 3D bone cultures. On 

day 8, the introduction of both AM-1 tumour mass and AM-3 tumour mass 

decreased ALPL expression by 4-fold (p<0.0001). This finding was in line 

with the phase-contrast images of the cultures. From day 8 to day 9, 

ALPL gene expression was decreased by 5-fold in 3D bone, and this 

indicated that ALPL was an early marker for mineralisation (Figure 73A). 

On the other hand, SPP1 was found to be upregulated in AM introduced 

3D bone cultures in all days compared to 3D bone. On day 7, in 3D 

bone+AM-1, tumour mass SPP1 expression was 3-fold upregulated 

(p<0.05) and in 3D bone+AM-3 tumour mass 2.5-fold increased than in 

3D bone. This could be associated with reduced HA formation in AM-

introduced cultures (Figure 73B).   

 

Figure 73: Expression of ALPL (A) and SPP1 (B) in 3D bone, 3D bone + 
AM-1, and 3D bone + AM-3 on days 7, 8, and 9. All values were 
normalized to GAPDH. n=3 and 3 technical repeats. Kruskal-Wallis post 
hoc Dunn test; ALPL Day 7. One-Way ANOVA, Dunnet’s Post Hoc; p-
values *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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5.3.6 AM Cells Regulate Bone Formation Genes in 3D Bone Stroma 

Model 

Then the bone formation markers ANKH and ENPP1 and the osteoblastic 

lineage marker BMP2 were investigated. No significant difference in 

ENPP1 expression was observed among different conditions 

(Supplementary image 4A). On days 7 and 9, ANKH gene levels were 

found to be similar in all conditions. 3D bone+AM-1 tumour mass had -

2.5-fold lower ANKH expression than 3D bone stroma model at day 8 

(p<0.05). The high expression of this marker was expected in 3D bone 

(Figure 74A).  

Moreover, 3D bone+AM-1 tumour mass had a higher osteoblastic 

lineage marker, BMP-2 expression than 3D bone (p<0.05) and 3D 

bone+AM-3 tumour mass (p<0.01) on day 7. The BMP2 expression was 

then dropped on day 8 for both AM introduced cultures. This indicated 

dysregulation in osteoblastic lineage, and further gene analysis was 

required. The expression of this marker was stable in 3D bone, which 

indicates continuous osteoblast differentiation (Figure 74B). 

The early osteocyte marker E11 was expressed in all conditions and 

even higher in 3D bone+AM-1 tumour mass than 3D bone (p<0.01) and 

3D bone+AM-3 tumour mass (p<0.001) at day 9. This result indicated the 

cell viability of osteoblasts in the presence of AM tumour masses (Figure 

74C). The late osteocyte marker, DMP1 was higher in 3D bone than AM 

tumour mass + 3D bone cultures on days 7 and 8. This was expected as 

DMP1 was found in late osteoblasts and osteocytes (244) (Figure 74D). 

No significant change was observed for the bone formation marker, 

SOST (Supplementary image 4B). 
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Figure 74: Expression of ANKH (A), BMP2 (B), E11 (C), and DMP1 (D) 
in 3D bone, 3D bone + Am-1, and 3D bone + AM-3 on days 7, 8, and 9. 
All values were normalized to GAPDH. n=3 and 3 technical repeats. 
Kruskal-Wallis post hoc Dunn test; ANK. One-Way ANOVA, Dunnet’s 
Post Hoc; p-values *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

5.3.7 Screening Osteogenesis Gene Array 

The previous section’s results showed that AM cells stopped bone nodule 

formation in the 3D bone stroma model. Our results indicated that 

introducing AM tumour masses changed the expression of different early 

and late bone formation markers. Although we investigated major genes 

involved in bone formation, an extensive gene analysis was required to 

identify specific pathways/targets involved in the inhibition of bone nodule 

formation by ameloblastoma. For a detailed gene analysis, day 8 of D6 

3D bone + AM introduced set-up was chosen. From the preliminary gene 

work conducted in the previous section, major changes in the gene 

expression levels were observed on day 8, including ALPL and DMP1 

(Figure 73&74). RNA extraction was completed on day 8 of all cultures 
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on the 3D bone part of the model (Figure 75). RT2 Profiler PCR Array 

(Qiagen) was used to screen 84 osteogenesis genes in 3D bone, and AM 

tumour mass introduced 3D bone cultures.  

 

Figure 75: Schematic diagram representing RNA extraction conducted 
day 6 (D6) 3D bone + AM tumour mass set-up on day 8 for RT2 Profiler 
PCR Array (Osteogenesis). 

5.3.7.1 AM-1 Cells Increased TNFSF11 Expression by 

Osteoblasts 

The first dataset compared the osteoblasts cells cultured within 3D with 

and without introducing an AM-1 tumour mass. An increase or decrease 

of >2-fold was considered as a change, and the rest was determined as 

unchanged genes. The introduction of AM-1 tumour masses did not 

impact 59 osteogenesis genes, which stayed in the middle of the volcano 

plot labelled as black dots (Figure 76). This showed that AM-1 induced 

inhibition of bone nodule formation was associated with specific gene 

targets. 23 genes were under-expressed, and 2 genes were over-

expressed (Figure 76). Fold changes >3.5 were highlighted as green for 

under-expressed and red for over-expressed genes (Figure 76). In line 
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with our RT-qPCR data (Figure 73A) and lack of mineralisation in our 

phase-contrast images (Figure 70), ALPL was found to be under-

expressed in AM-1 introduced 3D bone cultures. The major collagen 

gene, the COL2A1 gene, was identified to be 3.7-fold under-expressed  

(245). The growth differentiation factor 10 (GDF10) was 8.01-fold 

downregulated upon AM-1 tumour mass introduction. This highlighted 

that AM-1 cells blocked osteoblast differentiation and maturation, and this 

proposed a potential mechanism of action for AM cells to inhibit bone 

nodule formation. Importantly, a 6.02-fold increase in TNFSF11 (RANKL) 

expression was detected in AM-1 introduced 3D bone (non-significant). 

The result was also observed when the same samples were assessed 

for TNFSF11 (RANKL) by using RT-qPCR (6.3-fold, p<0.05) (Figure 77). 

AM-1 cells caused the osteoblasts to express more TNFSF11 gene in 

the 3D bone stroma model.  
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Figure 76: The volcano plot of 3D bone + AM-1 tumour mass vs 3D bone. 
The plot was created through analysis of RT2 Profiler PCR Array- 
Osteogenesis (Qiagen). Significant gene expressions were shown 
through plotting the log2 of the fold changes in the gene expression on 
the x-axis and log10 of the statistical significance on the y-axis. Left panel 
(green)= Under-expressed genes, middle panel (black)= Unchanged 
genes and right panel (red)= Over-expressed genes. Horizontal line= p-
value threshold (0.05). Fold changes >3.5 were highlighted as green for 
under-expressed and red for over-expressed genes. 
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Figure 77: Expression of TNFSF11 in 3D bone and 3D bone + AM-1 on 
day 8. All values were normalized to GAPDH. n=3 and 3 technical 
repeats. One-Way ANOVA, Dunnet’s Post Hoc; p-values *p<0.05. 

5.3.7.2 AM-3 Cells Downregulate Osteoblast Differentiation 

The second dataset compared the osteoblasts cultured in 3D bone with 

and without introducing an AM-3 tumour mass. Genes with >2-fold 

changes were considered for analysis, and the rest was determined as 

unchanged genes. AM-3 cells affected more genes compared to AM-1 

cells. 44 osteogenesis genes remained in the unchanged group, as seen 

from the middle part of the volcano plot (Figure 78). 30 genes were under-

expressed, and only 1 gene was over-expressed. The genes with fold 

changes >3.5 were highlighted as green for under-expressed and red for 

over-expressed genes (Figure 78). Same with AM-1 cells, AM-3 cells 

also downregulated ALPL expression (p<0.05). Overlapping with AM-1 

cells, 4.24-fold decrease in the expression of COL2A1 (p<0.05) and 

17.84-fold decrease in GDF10 (p<0.001) (Figure 78). The major drop in 

GDF10 highlighted that AM-3 cells significantly downregulate osteoblast 

differentiation and undifferentiated osteoblasts could not deposit bone. 

Another essential osteoblast differentiation gene RUNX2  was 3.86-fold 

downregulated (p<0.05). CD36 gene was also downregulated (p<0.001), 
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which was potentially linked to under-expressed RUNX2 (246). From the 

GeneMANIA report (Supplementary image 5), RUNX2 was shown to be 

associated with bone development and bone morphogenesis. Unlike AM-

1 cells, AM-3 cells induced a higher fold decrease in components of 

signalling pathways involved in bone morphogenesis and bone 

development. For example, 4.03-fold under-expression was observed in 

TGFB3 (p<0.05). Other examples included downregulated expression of 

FGFR2 (p<0.05) and COMP (p<0.05) by the osteoblasts in AM-3 tumour 

mass introduced 3D bone stroma model compared to the control group 

(Figure 78). 
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Figure 78: The volcano plot of 3D bone + AM-3 tumour mass vs 3D bone. 
The plot was created through analysis of RT2 Profiler PCR Array- 
Osteogenesis (Qiagen). Significant gene expressions were shown 
through plotting the log2 of the fold changes in the gene expression on 
the x-axis and log10 of the statistical significance on the y-axis. Left panel 
(green)= Under-expressed genes, middle panel (black)= Unchanged 
genes and right panel (red)= Over-expressed genes. Horizontal line= p-
value threshold (0.05). Fold changes >3.5 were highlighted as green for 
under-expressed and red for over-expressed genes. 
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5.3.8 Additional Growth Factors Could Not Rescue Mineralisation 

The next step was to add potential growth and differentiation factors 

(FGF-2, TGF-β, IGF-2, and VEGF), which can trigger mineralisation by 

osteoblasts, inhibited by the AM cells. Previously, short-term FGF-2 

treatment improved bone stromal cultures established from young mice 

(247).  In the previous section, TGF-β family members’ expression in 

osteoblasts was downregulated by AM cells and TGF-β is required for 

mineralisation. The addition of IGF-1 increased matrix development by 

chondrocytes as well as osteoblast differentiation (248). Different growth 

factor media were prepared and applied to AM-1 tumour mass introduced 

day 6 (D6) 3D bone cultures as described in this chapter’s methods 

section. None of the media was able to rescue ALPL levels (p<0.0001). 

These growth factors could not downregulate AM-1-induced increase in 

TNFSF11 expression by osteoblasts (Figure 79).  

 

Figure 79: Expression of ALPL (A) and TNFSF11 (B) on day 8. All values 
were normalized to GAPDH. n=3 and 3 technical repeats. One-Way 
ANOVA, Dunnet’s Post Hoc; p-values *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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5.3.9 AM Cells Express Higher Bone Resorption Markers in 3D 

Bone Stroma 

The next step was to understand how co-culture of AM cells and 

osteoblasts alter gene expression and protein production by 

ameloblastoma cells. The tumour mass part of the co-culture was used 

for gene analysis on day 8 of the 3D bone stroma model. The genes 

involved in bone resorption were investigated. The MMP-2 expression in 

AM-1 cells was 3-fold higher and in AM-3 cells 2-fold higher in AM 

tumouroid introduced 3D bone stroma compared to 2D cultures of AM 

cells (p<0.05 and p<0.05, respectively) (Figure 80A). The gene for 

PTHrP, PTHLH expression was also upregulated in AM-1 cells and AM-

3 cells when they were in the 3D bone stroma (3-fold, p<0.05) (Figure 

80B). The gene for TNF-𝛼, TNF expression by AM-1 cells was also 5-fold 

upregulated in the 3D bone stroma model (p<0.05) (Figure 80C).  
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Figure 80: Expression of MMP2 (A), PTHLH (B) and TNF (C) by AM-1 
and AM-3 cells in 2D, 3D, and in 3D bone on day 8. All values were 
normalized to HPRT1. n=3 and 3 technical repeats. One-Way ANOVA, 
Dunnet’s Post Hoc; p-values *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 

 
The media was collected on days 3 and 7 of day 6 (D6) 3D bone+AM-1 

tumour mass and D6 3D bone+AM-3 tumour mass. Day 6 of 3D bone 

culture was deemed an important time to study protein production 

because mineralisation was observed between days 6-9, and it was the 

closest time point to the formation of the first bone nodule. For this 

section, one of the bone resorption markers, MMP-9 and the TGF-b 

superfamily member, BMP-2, previously identified in ameloblastoma 

patient samples (249) was investigated. MMP-9 ELISA specific to pro- 

and active forms of MMP-9 was used to assess MMP-9 levels after 7 

days of tumour mass introduction. The MMP-9 protein levels by AM-1 
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tumour masses and AM-3 tumour masses (p<0.0001) did not change 

when they were introduced to the 3D bone stroma model (Supplementary 

image 6A). This result was also confirmed with RT-qPCR for MMP9 after 

2 days of tumour mass introduction (Supplementary image 6C).  In 

contast, the BMP-2 protein levels of the AM cells were altered 7 days 

after they were introduced to the 3D bone stroma model. BMP-2 release 

by AM-1 tumour masses was significantly higher when they were on the 

3D bone stroma model (10.9±1.4 ng/ml) compared to when they were 

on their own (3.1±0.5 ng/ml) (p<0.01). The BMP-2 release by AM-3 cells 

was also increased (4-fold) (p<0.01) (Supplementary Figure 6B). VEGFA 

expression was higher in AM-3 cells than AM-1 cells in 2D, 3D, and 3D 

bone stroma (p<0.01, p<0.05, p<0.01, respectively) (Supplementary 

Figure 6D). Different culture conditions did not seem to induce a 

significant difference in the expression of VEGFA and TGFB, which might 

be due to a short culture period (Supplementary Figure 6D&E).  
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5.4 Discussion 

This chapter provided novel information on how ameloblastoma impacts 

bone homeostasis by blocking bone formation and promoting bone 

resorption. We aimed to recreate the native tumour microenvironment by 

incorporating bone elements. We used our in-house developed model, 

the 3D bone stroma model’ to create a novel natural bone stroma for 

ameloblastoma cells. previous studies and literature indicated that 

ameloblastoma plays a role in reducing/inhibiting mineralisation. This 

thesis is the first to report the complete inhibition of in vitro bone nodule 

formation by ameloblastoma.  

To better understand the timeline of action of AM tumour mass 

introduction on bone formation, the tumour masses were introduced in 

different days. From our regular observations of the 3D bone cultures and 

AM tumour mass introduced 3D bone cultures, we measured the 

changes in numbers of bone nodules formed and the sizes of the 

nodules. At any time point prior to bone nodule formation, the introduction 

of AM tumour masses caused complete inhibition of bone nodule 

formation. After initiation of bone nodule formation (day 9), AM tumour 

masses limited the number of bone nodules formed and their sizes. As 

after day 9, bone nodules kept growing but in a restricted manner, it 

became difficult to visibly observe the effects of AM tumour masses on 

the 3D bone stroma model. We showed in chapter 3, AM cells were 

missing TRAP5B stain. Thereby it was less likely that AM cells would 

induce bone resorption by themselves without osteoclast recruitment. 

However, for future experiments it is necessary to investigate whether 

ameloblastoma cells or osteoclasts activated by ameloblastoma cells 
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create resorption pits on the surfaces of the bone nodules. This study 

demonstrated inhibition of bone nodule formation, confirming this to be 

direct action by ameloblastoma and not due to other factors including 

tumour mass introduction, pH or lack of nutrients but ameloblastoma 

cells.   

In chapter 3, I reported that MG-63 cells have higher metabolic activity in 

3D than both AM cell lines. Therefore, MG-63 cells were expected to drop 

pH and consume nutrients quicker and ultimately cause stronger 

mineralisation inhibition than AM cells when they were introduced to the 

3D bone stroma. However, MG-63 tumour masses did not downregulate 

mineralisation as much as AM tumour masses. It is early to conclude that 

AM cells have stronger impact on bone formation than MG-63 cells as I 

have not investigated whether MG-63 cells grow and invade in 3D bone 

media as they would in their own media.  

Our gene work presented a low ALPL, and high SPP1 expression pattern 

in AM introduced cultures. This pattern proved that ameloblastoma cells 

reduced mineral and hydroxyapatite deposition, which was required for 

bone nodule formation. However, an increase in a late osteoblast marker, 

SPP1 was still unexpected. In a previous in vivo study, SPP1 increase 

was observed in metastatic osteosarcomas, mostly in lung metastasis 

(250). Thereby, this finding could be taken for further investigation for 

rare ameloblastoma cases. Our initial gene work gave us hints of 

possible interruption by ameloblastoma cells in the osteoblast 

differentiation. For instance, an osteoblast differentiation marker, BMP2 

gene expression ,was not stable in AM introduced 3D bone culture. It was 

also necessary to understand through which pathways ameloblastoma 
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cells interfered with bone formation. Therefore, an extensive 

osteogenesis gene screening was required.  

The RT2 Profiler PCR Array showed that not all of the osteogenesis 

genes were affected by ameloblastoma cells, which proved target 

specific action of AM cells. From this analysis, the AM cells were found 

to inhibit the early stages of bone nodule formation, mineralisation, HA 

deposition and osteoblast differentiation. Based on the GeneMANIA 

report (Supplementary image 5) COL2A1 gene is involved in extracellular 

matrix development, bone morphogenesis and bone development. A 

decrease in this gene in the AM introduced cultures were expected 

because of the lack of bone nodule formation.  

The expression of the differentiation marker GDF10 was hugely 

downregulated by the introduction of both AM-1 and AM-3 tumour 

masses. In line with our finding, a previous study showed that the 

increase in GDF10 expression triggers rat calvarial osteoblast 

differentiation (251). However, the human GDF10 gene was identified as 

an inhibitor of osteoblast differentiation (252). One of main limitations of 

the compartmentalised model is that the 3D bone stroma is composed of 

rat calvarial osteoblasts. We are fully aware that using rat MSCs for 

studying human diseases has several drawbacks. In our case, the 

nodules formed, and the genes expressed by rat osteoblasts are different 

from the ones by human osteoblasts. For example, rats do not have a 

remodelling system as complicated despite similarities between human 

and rat bone formation. However, rat models have been used to study 

many bone-associated diseases, including osteoporosis (234). To 

overcome this, we aim to utilise our 3D bone stroma methodology to 
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create a stroma composed of primary human osteoblasts. One of our 

main future works will include optimisation of in vitro bone nodule 

formation in 3D from primary human osteoblasts and characterisation of 

the bone nodules. Meanwhile, it is essential to consider other under-

expressed differentiation markers that were also identified to promote 

osteoblast differentiation in human, such as RUNX2, for future 

experiments to rescue the inhibition of bone nodule formation by 

ameloblastoma cells (252).  

Most importantly, we were the first group to prove that AM cells caused 

an increase in TNFSF11 (RANKL) expression by osteoblasts in 3D. This 

mechanism is also seen oral squamous cell carcinomas as they  

upregulated the TNFSF11 expression by human primary osteoblasts 

(233).  

Besides, we reported upregulation of gene for PTHrP, PTHLH in 

ameloblastoma cells when they were introduced to the 3D bone stroma 

model. PTHLH will be an essential target to reduce bone resorption 

because it can induce osteolytic lesions. Previously, it was shown that 

inhibition of PTHLH caused a reduction in the size of lesions and the size 

of breast tumour in vivo. Moreover, bone-derived TGF-b  was found to 

stimulate breast cancer cells to produce more PTHrP (241). This might 

also be the case in our compartmentalised model, where ameloblastoma 

cells released more PTHrP when they were in an active bone 

environment. Our current culture time for the 3D compartmentalised 

model is limited to 48 to 72 hours. Therefore, further investigation on 

TGF-b production by both osteoblasts and ameloblastoma cells within 

the 3D bone stroma model is required with a longer period of culture.  
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Moreover, an important factor in osteoclast activation and bone 

resorption, TNF (253), was detected in ameloblastoma cells. The 

expression levels were higher in 3D and 3D bone stroma compared to 

2D. Blocking TNF-α might offer potential therapy option for 

ameloblastoma as it is available as monoclonal antibodies, which have 

been widely used for autoimmune diseases (253). It is certainly 

necessary to understand to what extend TNF-α-produced by AM cells 

are able to drive osteoclastogenesis by adding osteoclasts to the 3D 

bone stroma model. 

We showed that AM cells increased BMP-2 production in the presence 

of 3D bone stroma model. BMP-2 was found to activate RANKL-

mediated osteoclasts (254), and be involved in osteoclast differentiation 

(255). Our result thereby indicated that the BMP-2 release by the AM 

cells might increase bone resorption as more osteoclast being activated. 

The changes in gene and protein expression in ameloblastoma cells 

highlighted how developing a 3D bone stroma made the 3D 

ameloblastoma model even more biomimetic.   

This chapter proposed mechanisms for direct inhibition of bone formation 

and indirect activation of osteoclasts by ameloblastoma (Figure 81). We 

established ameloblastoma tumour microenvironment through our active 

bone forming model and used this model to discover the mechanisms of 

actions of ameloblastoma on bone homeostasis.  
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Figure 81: Schematic diagram representing our proposed model for 
ameloblastoma-induced inhibition of bone formation and indirect 
activation of osteoclasts.  
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Chapter Six Conclusions, Limitations, and 

Future Work 

This thesis overviews novel research on the interaction of ameloblastoma 

with its native microenvironment. The experimental chapters describe the 

steps to develop a 3D compartmentalised ameloblastoma model. Each 

step aimed to add to biomimetic complexity of the ameloblastoma model.   

To date, this is one of the most complex biomimetic models of 

ameloblastoma, and it provides key knowledge to broaden our 

understanding of the mechanism of action. 

The complex tumouroids composed of ameloblastoma cell lines and 

acellular stroma presented similar histopathological phenotypes seen in 

patients. The bone resorption and invasion markers were detected earlier 

in the tumouorids compared to 2D monolayer cultures.  

The invasion patterns of different subtypes were clearly understood. This 

model presented all essential preliminary work.  The development of an 

active bone-forming stroma was critical for building a biomimetic model 

to study the progression of a tumour such as ameloblastoma. Hitherto, 

this model impacts the field of bone tissue engineering. Rapid bone 

formation was observed by culturing osteoblasts in stiff collagen scaffolds 

with specific media. This study utilised extensive characterisation to 

verify bone nodule produced in 3D. The consistency of the nodules 

produced in this model made it suitable to study ameloblastoma.  

The effect of introducing ameloblastoma to a native bone stroma was 

interrogated to understand the cell behavioural and signalling changes of 

both cell populations. The results from this section shifted the focus of 
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ameloblastoma research from ‘bone resorption’ to ‘bone remodelling’. 

The model emphasised the importance of studying the effects of 

ameloblastoma has on both osteoclasts, critical for bone resorption, and 

osteoblasts, essential for bone formation. To understand 

ameloblastoma-induced bone resorption, both sides of bone remodelling 

should be investigated using a dynamic 3D bone stroma model. The 

ameloblastoma cells caused complete inhibition of bone nodule 

formation when they were introduced before the nodules were formed at 

day 9 and limited the number and size of the existing bone nodules after 

day 9. When the main reasons for the inhibition of bone formation, such 

as a drop in pH and a lack of nutrients, were investigated, the direct effect 

of ameloblastoma cells on bone nodule formation became evident.  

Further investigation of the osteogenesis genes showed that 

ameloblastoma cells block osteoblast differentiation and enhance the 

expression of TNFSF11 by osteoblasts. The potential targets for 

ameloblastoma mechanism could be identified from this extensive gene 

data. The observations on upregulation of PTHLH and TNF by 

ameloblastoma cells in 3D bone stroma have hinted towards therapeutic 

strategies to block the mechanism of action. More importantly, this 

compartmentalised 3D model offers a platform to conduct drug work on 

ameloblastoma cells.  

We are aware of the limitations of this compartmentalised model. One of 

the main is that each of the ameloblastoma cell lines is immortalised from 

a single patient. Therefore, they would not represent all patients. In 

addition, the immortalisation of AM-1 with HPV could have a potential 

impact on its gene expression profile and morphology. As we discussed 
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earlier, using rat osteoblasts will not fully mimic human bone formation. 

Therefore, the main results of this thesis should be confirmed with human 

osteoblasts. The pH measurements for the compartmentalised model 

set-ups should be monitored with a blood gas analyser. Moreover, due 

to this PhD project’s set timeframe, I did not have time to make the model 

more complex by incorporating stromal cells such as fibroblasts and 

stromal components such as fibronectin and laminin. The future work will 

include adding the stromal compartment to our model.  

The advantages of this model are its reproducibility and its ability to 

accommodate complexity. The dynamic bone model that we created was 

missing the other main bone cells, the osteoclasts. Therefore, adding 

osteoclasts to this model will be the next step to engineer a full bone 

environment by enabling interaction between ameloblastoma-

osteoblasts-osteoclasts. This will allow us to assess whether the factors-

produced by ameloblastoma can activate osteoclasts and induce bone 

resorption. 

The next steps will include recreating this 3D compartmentalised model 

with human bone cells, primary osteoblasts and osteoclasts. The human 

3D ameloblastoma model will then be used to incorporate patient 

samples. This model will allow rapid patient-specific drug testing to 

benefit therapeutic outcome. More details of the characteristics of the 

patient cells could be identified, which would provide essential 

information for the literature and create new diagnostic markers.  
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Supplementary Section 

 
Supplementary image 1: Immunofluorescence staining of bone 
resorption markers. MMP-2 Immunofluorescence (IF) of day 3 3D Saos-
2 cells (A) and day 7 3D MG-63 cells (B), MMP-9IF of day 7 3D Saos-2 
cells (C) and day 7 3D MG-63 cells. RANK IF of day 3 2D AM-3 cells and 
day 3 3D Saos-2 cells. Red=MMP-2, MMP-9 and RANK respectively, 
Blue=DAPI. Scale bar=100 µm.  
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Supplementary image 2: Bone nodule formation in 3D bone stroma with 
different AM media. Top panel= Phase contrast images of D21 3D bone 
stroma grown in 50% AM-1 medium (KSFM) / 50% α-MEM with BMA or 
50% AM-3 medium (DKSFM) / 50% α-MEM with BMA. Bottom panel= 
D21 alizarin red stained images of these cultures. Scale bar=100 µm. 
(n=6). 
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Supplementary image 3: Phase contrast images of 3D bone, day 6 (D6) 
3D bone + AM-1 tumour mass, and D6 3D bone + AM-3 tumour mass 
with increased media at day 9 (A). Phase contrast images taken at day 
9. Top Panel= 3D bone, 3D bone + AM-1 tumour mass conditioned media 
(CM), 3D bone + AM-3 tumour mass CM. Bottom Panel= 2D bone, 2D 
bone + AM-1 tumour mass CM, 2D bone + AM-3 tumour mass CM (B). 
scale bar=100 µm. 
 

 
 
Supplementary image 4: Expression of ENNP1 on days 7, 8, and 9 (A) 
and SOST on day 9 (B) in osteoblasts in 3D bone, 3D bone + AM-1, 3D 
bone + AM-3 cultures. All values were normalized to GAPDH. n=3 and 3 
technical repeats. Kruskal-Wallis post hoc Dunn test; ALPL Day 7. One-
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Way ANOVA, Dunnet’s Post Hoc; p-values *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
 
 

 
Supplementary image 5: GeneMANIA report of genes altered upon AM 
tumour mass introduction. The report was created through 
www.genemania.org’. 
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Supplementary image 6: MMP-9 Human ELISA (A) and BMP-2 Human 
ELISA (B) 7 days after tumour mass introduction to 3D bone cultures. 
Expression of MMP9 (C), VEGFA (D), and TGFB (E) in AM-1 and AM-3 
cells two days after tumour mass introduction to 3D bone stroma model. 
Kruskal-Wallis post hoc Dunn test; MMP-9 AM-1. One-Way ANOVA, 
Dunnet’s Post Hoc. p-values *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. (n=3). 
 
 


